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Device for compressing a gaseous fluid

The present invention relates to devices for
compressing a gaseous fluid, and in particular concerns
heat-actuated regenerative compressors.

Context and Prior Art

Multiple technical solutions already exist for
compressing a gas using a heat source.

In heat-actuated regenerative compressors such as those
described in documents US2,157,229 and US3,413,815, the
heat received is transmitted directly to the fluid to be
compressed, which eliminates the need for any mechanical
element for the compression and discharge steps.

In documents US2,157,229 and US3,413,815, a displacer
piston is movably mounted in an enclosure and displaces the
fluid alternately towards the heating means or towards the
cooling means. This displacer piston 1is attached to a
control rod, which is connected to a control mechanism.

These devices are designed as single-stage systems,
limiting the compression rate to low or moderate values.
For certain compression applications requiring a
significant compression rate, 1t 1s then necessary to
multiply the number of single-stage compressors (by placing
two, three or four of them in series), and set up a
mechanical synchronization between the control mechanisms
of the wvarious stages. This increases the cost and
complexity of the actual implementation, as well as the
mechanical losses due to the increased number of mechanical
elements. In addition, there 1s a risk of failure in the
fluidtight seal for each stage, resulting from the presence
of the synchronization mechanism.

There i1s a need for optimizing such multi-stage heat-
actuated compressors, particularly their architecture. 1In
particular, it would be useful to offer a compressor with
one, two, or four stages, based on a modular architecture

with common components.
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There is also a need for increasing the service life
and/or reducing the need for maintenance, particularly in
the drive mechanism.

For this purpose, a device for compressing gaseous
fluids is proposed, comprising:

- an inlet for gaseous fluid to be compressed and an outlet
for compressed gaseous fluid,

- a cylindrical main enclosure containing gaseous fluid,

- at least one first chamber, thermally coupled to a heat
source adapted for adding heat energy to the gaseous fluid,
- at least one second chamber, thermally coupled to a cold
source 1in order to transfer heat energy from the gaseous
fluid to the cold source,

- at least one piston assembly mounted in a cylindrical
sleeve so as to move in an axial direction and separating
the first chamber and second chamber inside said main
enclosure,

- at least one regenerative heat exchanger arranged
circumferentially around the sleeve and establishing a
fluid communication between the first and second chambers
by means of at least one first communication line,

the first chamber comprising at least one first
communication passage arranged at a first end of the
enclosure and connected to the first communication line,
the second chamber comprising at least one second
communication passage arranged at a second end of the
enclosure and connected to the first communication line,
the first chamber, the second chamber, and the first
communication line forming a first compression stage;
wherein the device comprises a plurality of third and
fourth passages 1in the form of ports arranged in an
intermediate portion of the enclosure between the first and
second ends, the plurality of third and fourth passages
being prearranged for the fluid connection of the third and

fourth chambers which are possibly arranged in the main
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enclosure between the first and second chambers.

By these arrangements, a compressor with two
compression stages can easily be obtained from such a
single-stage compressor.

In one aspect of the invention, the device can
additionally comprise, within the same main enclosure, said
third and fourth chambers and a first fixed divider
separating the third and fourth chambers, the piston
assembly comprising first and second pistons connected to
each other by a rod and arranged on each side of the fixed
divider, at least one second communication line
establishing a communication between the third and fourth
chambers through the regenerator, the third chamber, the
fourth chamber and the second communication line forming a
second compression stage, functionally placed serially
behind the first stage; such that a two-stage compressor is
obtained that is particularly suitable for good heat yield
and for optimizing the synchronization between the two
stages.

In various embodiments of the invention, one or more of
the following arrangements may be used.

In one aspect of the invention, the regenerator can
comprise at least two regenerator ring sections,
independent of each other, the set of ring sections forming
a ring arranged around the cylinder near the first fixed
divider; this 1is a particularly optimized placement for
organizing the regeneration function.

In another aspect of the invention, the device can
comprise N stages, N being chosen from among a set of
values including 2,3,4,6,8, 1in which the regenerator is
divided into N ring sections each having an arc of 360°/N,
independent of each other; such that modularity 1is assured
from a basic single-stage compressor.

In one aspect of the invention, the device can

additionally comprise third and fourth stages (N=4), the
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third stage comprising a hot chamber, a cold chamber, and a
third communication line, the fourth stage comprising a hot
chamber, a cold chamber, and a fourth communication line;
such that a four-stage compressor can be obtained on a
modular basis, with an architecture similar to the two-
stage compressor.

In another aspect of the invention, the chambers of the
fourth stage can be inserted between the chambers of the
third stage, the latter being inserted between the chambers
of the second stage, and those latter being inserted
between the chambers of the first stage; by means of which
a particularly suitable arrangement 1s obtained for
installing four stages 1in a single «c¢cylinder and in
particular for optimizing the heat insulation.

In another aspect of the invention, the device can
additionally comprise a system for driving the piston
assembly which comprises an auxiliary chamber, a rod
secured to the piston assembly and axially guided, a
connecting rod connected to the rod, and a flywheel
connected to the connecting rod, by means of which the back
and forth movement of the piston assembly can be self-
sustained by said drive system.

In another aspect of the invention, the first
communication line and/or the second communication line
and/or the third or fourth communication line can comprise
at least one external portion arranged 1in the respective
immediate vicinity of the hot and/or cold sources, between
the regenerator and at least one of the ends of the
enclosure; such that the heat exchanges are maximized for
each communication line.

In another aspect of the invention, the second
communication line and/or the third or fourth communication
line comprises a borehole into which 1s inserted a
dissymmetrical core, whereby the external portion with

maximized thermal coupling is easy to create industrially.
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Lastly, the invention also relates to a thermal system
comprising a heat transfer circuit and a compression device
as described above. The thermal system in question can be
intended to remove heat energy from an enclosed location
and in such case is a cooling or refrigeration system, but
the thermal system in question can just as well be intended
to add heat energy to an enclosed location and in such case
is a heating system such as residential heating or
industrial heating for example.

Other features, aspects, and advantages of the
invention will ©be better understood from reading the
following description of an embodiment of the invention,
provided as a non-limiting example. The invention will also
be better understood from the accompanying drawings, in
which:

- figure 1 is an axial cross-sectional schematic view
of a gaseous fluid compression device of the invention,
with two compression stages,

- figure 2 represents a transverse cross-sectional
schematic view of the device in figure 1,

- figures 3a and 3b are schematic axial cross-sectional
views of a gaseous fluid compression device of the
invention, with four compression stages,

- figure 4 represents a schematic transverse cross-—
sectional view of the device of figure 3,

- figure 5 is a schematic axial cross-sectional view of
a gaseous fluid compression device of the invention, with a
compression stage,

- figure 6 represents a schematic transverse cross-—
sectional view of the device of figure 5,

- figure 7 shows a diagram of the thermodynamic cycle
carried out in a four-stage device,

- figure 8 represents a diagram of the cycle for the
self-sustaining drive device,

- figure 9 represents a compressor cylinder which can
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house a compressor configuration with one, two, or four
compression stages,

- figure 10 shows a self-sustaining drive device,

- figure 11 shows a variant of the device of figure 3,
and

- figures 12,12A,12B,12C show detailed views of the
communication lines of the embodiments.

In the wvarious figures, the same reference numbers are
used to denote identical or similar elements.

Figure 1 shows a device 1 for compressing a gaseous
fluid, adapted to admit a gaseous fluid (also called
"working fluid") by an inlet or intake 81, at a pressure
P1l, and to supply the compressed fluid at pressure P2 from
an outlet 82.

In the example illustrated in figure 1 the compression
device comprises two compression stages, but in the present
invention a device with a single stage or with four stages
can be easily obtained based on the same architecture, as
will be seen below.

The device is preferably arranged vertically along an
axis Z, and has a main enclosure 2 that 1is generally
cylindrical in shape with an axis 2. In the example
illustrated, the device comprises a hot portion 16 arranged
in the upper region and a cold portion 15 arranged in the
lower region. The hot portion 1is thermally coupled to a
heat source 6, which 1s preferably arranged adjacently
around the hot portion 16 of the main enclosure, in order
to provide heat energy to the hot portion of the device.

Similarly, the cold portion is thermally coupled to a
cold source 5 in order to remove heat energy from the cold
portion of the device. The cold source can be, for example,
arranged adjacently around the cold portion 15 of the main
enclosure 2 or in any other manner which establishes a good
thermal coupling.

At least one piston assembly 7 1s located inside the
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main enclosure 2, mounted in a sleeve 50 (or "cylinder") so
as to move 1in the axial direction Z. The sleeve 50 1is
cylindrical with axis Z and has a smaller diameter than the
diameter of the main enclosure 2.

In the two-stage example in figure 1, the piston
assembly 7 comprises a first piston 71 and a second piston
72 connected to each other by a rod 8. Between the two
pistons 71,72 1is arranged a fixed divider 61 located at
mid-height between an upper end 2b of the enclosure 2 and a
lower end 2a of the enclosure 2. The fixed divider 61
provides thermal insulation between the hot 16 and cold 15
parts. A ring 18 surrounds the rod to supply the fluidtight
and guiding functions. The rod 8 is driven 1in an
alternately back and forth movement by a drive device which
is not represented in figures 1,3a,3b, although one of its
possible embodiments will be described below.

For the cold portion 15, a first cold working chamber
Ell is thus defined between the first piston 71 and the
lower end of the enclosure Z2a.

For the hot portion 16, a second hot working chamber
El2 is defined between the second piston 72 and the upper
end of the enclosure 2b.

A first communication 1line Fl1 connects, outside the
sleeve, the first chamber Ell with the second chamber E12
through a regenerative heat exchanger 9 which will also
more simply be called a regenerator below.

In this manner, the first chamber Ell, the second
chamber E12, and the first communication line F1 form an
assembly called the first compression stage E1, having an
internal pressure PEl that is substantially homogeneous.

In addition, a third work chamber E21, on the cold
side, is defined between the first piston 71 and the fixed
divider 61, and a fourth work chamber E22 on the hot side
is defined between the second piston 72 and the fixed

divider 61. A second communication line F2 connects,
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outside the sleeve, the third chamber E21 with the fourth
chamber E22 through another part of the regenerator 9.

In this manner, the third chamber E21, the fourth
chamber E22, and the second communication line F2 form an
assembly called the second compression stage E2, having an
internal pressure PE2 that is substantially homogeneous.

Note that the chambers E21,E22 of the second stage E2
are 1inserted between the chambers E11,E12 of the first
stage EL.

More particularly, the second piston 72 isolates the
hot work chambers E12,E22, while the first piston 71
isolates the cold work chambers E11,E21, but with the
addition of an check wvalve 3a, which serves as a one-way
passage between the first stage E1 and the second stage EZ2,
the second stage E2 being functionally placed serially
behind the first stage El.

When the piston assembly 7 is moved upward, the wvolume
of chambers E21 and E12 then decreases while the volume of
chambers E11 and E22 increases. The first communication
line F1 causes fluid to pass into the regenerator from the
top to the bottom, while the second communication line F2
causes fluid to pass from the bottom to the top into
another part of the regenerator as will be seen below.

As for the regenerator 9, it 1s arranged around the
sleeve 50 at a height midway between the upper end 2b and
the lower end 2a of the enclosure. Preferably, said
regenerator 9 1s arranged at mid-height in the enclosure,
and extends to a height which for example may be but is not
necessarily close to the thickness of the fixed divider 61.

Said regenerator 9 comprises internal pipes 90 and
elements for storing thermal energy, 1in the form of
discrete or continuous elements, for example a grid of
metal wires.

The regenerator 9 comprises a hot interface 9b to which

the hot portions of the first and second lines F1,F2 are
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connected, and a cold interface 9a to which the cold
portions of the first and second lines F1,F2 are connected.

Also, the regenerator 9 1is partitioned into several
ring sections arranged circumferentially one after another
to form a ring of axis Z around the sleeve 50.

As 1s represented in particular in figure 2, for the
two-stage version, one or more ring sections will be part
of the first compression stage El, while one or more
complementary sections will be part of the second
compression stage E2.

In the example represented here, the regenerator 9 is
partitioned into four parts or sections in the form of
quarter sections 31-34 each extending over an arc of about
90°. Sections 31,32 form a first regenerator portion 91 and
are part of the first compression stage and are connected
to the first communication line F1l, while sections 33,34
form a second regenerator portion 92 and are part of the
second compression stage and are connected to the second
communication line F2.

The regenerator 1is thus distributed between a portion
dedicated to the first stage and a second portion dedicated
to the second stage, the fluid traversing the first portion
traveling in the opposite direction of the fluid traversing
the second portion.

The regenerator ring sections 31-34 are physically
independent and not directly connected to each other by
fluid communications. Said sections may all be identical
and form a standard component.

For the first stage, the first chamber E1l1l comprises a
first communication passage 51 arranged near the first end
2a; said first passage 1is connected to the first
communication line F1l, in particular the cold portion of
this 1line. The second chamber El2 comprises a second
communication passage 52 arranged near the second end 2b;

said second ©passage 52 is connected to the first
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communication line F1, in particular the hot portion of the
this line.

For the second stage, the third chamber E21 comprises a
third communication passage 53 arranged near the divider
61l; said third passage 53 1is connected to the second
communication line F2, in particular the cold portion of
this 1line. The fourth chamber E22 comprises a fourth
communication passage 54 arranged near the divider 61; said
fourth passage 54 is connected to the second communication
line F2, in particular the hot portion of this line.

It should be noted that the inlet 81 is connected to
the first communication 1line F1 wvia valve 8la while the
outlet 82 is connected to the second communication line F2
via valve 82a.

Figures 3a,3b and 4 represent a compression
configuration with four serially arranged stages,
constructed on the same architecture as the one described
above.

In this configuration, the device comprises a first
compression stage El1 which comprises a cold chamber E11
arranged in the cold portion 15 of the compressor and a hot
chamber El12 arranged in the hot portion 16, said chambers
F11,E12 Dbeing connected to each other by a first
communication line Fl. Similarly to the two-stage
configuration, the device comprises a second compression
stage denoted E2, comprising a cold chamber E21 arranged in
the cold portion and a hot chamber E22 in the hot portion,
said chambers E21,E22 being connected by a second
communication line F2. The second communication line F2 is
connected to the corresponding cold chamber E21 by one or
more passages or ports denoted 57 and is connected to the
corresponding cold chamber E22 by means of one or more
passages denoted 58.

In addition, the device comprises a third compression

stage denoted E3 which comprises a cold chamber E31
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arranged in the cold portion and a hot chamber E32 in the
hot portion, said chambers E31,E32 being connected to each
other outside the sleeve by a third communication line F3.
The third communication 1line F3 is connected to the
corresponding cold chamber by means of one or more passages
or ports denoted 55 and is connected to the corresponding
hot chamber by one or more passages denoted 56. The
pressure prevailing 1in the third compression stage 1is
denoted PE3.

And to finish, the device comprises a fourth
compression stage denoted E4 which comprises a cold chamber
E41 arranged in the cold portion and a hot chamber E42 in
the hot portion, said chambers E41,E42 being connected to
each other outside the sleeve by a fourth communication
line F4. The fourth communication line F4 connects to the
corresponding cold chamber by means of one or more passages
or ports 53 already mentioned and 1is connected to the
corresponding cold chamber by means of one or more passages
denoted 54, already mentioned. The pressure prevailing in
the fourth compression stage is denoted PEA4.

As illustrated, the chambers of the fourth stage E4 are
inserted between the chambers of the third stage E3, which
themselves are inserted between the chambers of the second
stage E2, which in turn are inserted between the chambers
of the first stage El. It would be possible, however, to
order the stages and chambers differently without leaving
the scope of the invention, for example starting from the
hot end 2b, having the arrangement E3,E4,E1,E2 for the hot
portion and E4,E3,E2,E1 for the cold portion.

The piston assembly 7 comprises a first piston 71,
second piston 72, a third piston 73 and a fourth pistons
74. The first and second pistons 71,72 separate the
chambers of the first and second stages E1,E2 as described
for the two-stage configuration, while the third and fourth

pistons 73,74 similarly separate the chambers of the third
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and fourth stages E3,E4. The four pistons are secured to
each other by the rod 8 which slides in the ring 18.

Aside from the fixed middle divider 61 already
mentioned above and again present here, there are two other
fixed dividers 62,63, respectively separating the chambers
of the second and third compression stages (see Figures
3a,3b).

To establish a communication between the different
compression stages, a first check valve 3a is provided in
the first piston as already mentioned, which allows the
fluid to be transferred from the first stage to the second
stage and prevents the reverse flow. Similarly, a second
check wvalve 3b is provided in the third fixed divider 63
which allows the fluid to be transferred from the second
stage to the third stage and prevents the reverse flow.
Lastly, a third check wvalve 3¢ 1is provided in the third
piston 73 which allows the fluid to be transferred from the
third stage to the fourth stage and prevents the reverse
flow.

For the regenerator 9, referring to figure 4, each ring
section (here each <quarter section) is specifically
assigned to a stage. Thus the first ring section 31 forms
the first regenerator portion 91, the second ring section
32 forms the second regenerator portion 92, the third ring
section 33 forms the third regenerator portion 93, and
lastly the fourth ring section 34 forms the fourth
regenerator portion 94.

In this configuration, the inlet 81 is connected to the
first communication 1line F1 while the outlet 82 is
connected to the fourth communication line F4.

Figures 5 and 6 represent a single-stage compression
configuration, constructed on the same architecture as
those described above.

The piston assembly 7 is formed by a single piston of

large volume which occupies a volume equivalent to the
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chambers of the unused upper stages.

Only one communication line F1 outside the sleeve is
necessary, and it establishes a communication between the
single cold chamber E11 and the single hot chamber E12.

The third and fourth passages 53,54, which form a
prearrangement for the two-stage version, can be partially
or completely closed off, either directly, or by
communication with a blind pipe, or as will be described
below.

Similarly in the single-stage configuration, the series
of supplemental passages 55-58 which form a prearrangement
for the four-stage version 1f they are present, will be
closed off or blocked by any appropriate means.

In this single-stage configuration, the inlet 81 and
the outlet 82 are connected to the first communication line
Fl, not necessarily at the same location, for example at
diametrically opposite locations in order to maintain
homogeneity with the two-stage configuration.

The operation of the compressor, whether it is one-,
two—-, or four-stage, is assured by the alternating motion
of the piston 7, as well as by the action of the intake
valve 8la at the inlet 81 and the flow check wvalve 82a at
the outlet 82.

The various steps A,B,C,D, described below are
represented in figures 3, 5 and 7, figure 7 showing the
evolution in the respective pressures PEl,PE2,PE3,PE4 in
the respective stages and the respective temperatures
relative to the stroke of the piston assembly 7, keeping in
mind that the cycles concerning PE3,PE4 are only relevant
for the four-stage version.

Operation of the two-stage compressor

Step A.
The piston assembly 7, initially at the top, moves
downwards and the wvolume of chambers E12,E21 increases

while the volume of chambers E22,Ell decreases. Because of
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this, the fluid of the first stage 1is pushed through the
first regenerator portion 91 from the bottom to the top,
and heats as it passes through the first communication line
F1 and through the corresponding regenerator portion.
Concurrently, the fluid of the second stage 1s pushed
through the second regenerator portion 92 from the top to
the bottom, and cools as it passes through the second
communication line F2 and through the corresponding
regenerator portion.

Step B.

When the pressures PEl1l and PE2 are at a certain value
denoted PT12, the check valve 3a opens. Valves 8la and 82a
remain closed during this period. Working fluid 1is
consequently transferred from the first stage to the second
stage. Step B ends with the end of the downstroke.

Steps C (first stage) and C’ (second stage).

The piston assembly 7 now moves from the bottom towards
the top and the volume of chambers E22,El1l increases while
the volume of chambers E12,E21 decreases. Because of this,
the fluid of the first stage 1is pushed through the first
regenerator portion 91 from the top to the bottom, and
cools during its passage through the first communication
line F1 and through the corresponding regenerator portion.
Concurrently, the fluid of the second stage 1s pushed
through the second regenerator portion 92 from the bottom
to the top, and heats as it passes through the second
communication line F2 and through the corresponding
regenerator portion.

In step C which concerns the first stage, the pressure
PE1l decreases until it is less than the intake pressure P11,
at which point the intake wvalve 8la opens. Similarly, for
step C' which is concurrent to C and concerns the second
stage, the pressure PE2 increases until it is greater than
the discharge pressure P22 which here 1is equal to the

outlet pressure P2, at which point the outlet valve 82a
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opens.

Steps C and C’ do not necessarily end at that point,
and the two valves can open at different times.

Step D.

In this step, working fluid 1is expelled from chamber
E21 by outlet 82 at discharge pressure P22, while the fluid
at pressure Pl 1is admitted into the chamber E1l1. Step D
ends with the end of the upstroke.

Four—stage

For the operation of the four-stage compressor,
referring to figure 7, the operation for the first two
stages is identical to the above description aside from the
fact that in step D the outlet from the second stage expels
gas at pressure PT23 not towards the outlet but towards the
third stage, through valve 3b.

During step A, 1in a manner completely similar to what
has been described for the first two stages, pressure PE3
increases in the third stage while pressure PE4 decreases
in the fourth stage.

During step B, working fluid at pressure PT34 1is
discharged through wvalve 3¢ from the third stage to the
fourth stage.

During steps C and C”, in a manner completely similar
to what has been described for the first two stages,
pressure PE3 decreases in the third stage (step C”) while
pressure PE4 increases in the fourth stage (step C), and
this occurs until pressure PE4 reaches the outlet pressure
P2, at which point valve 82a opens. Valve 3b opens when PE3
becomes less than PE2. Valves 8la, 3b and 82a can open at
different times.

During step D, which begins at the respective end of
steps C,C’,C", fluid is expelled from the fourth stage at
pressure P24 towards outlet 82, simultaneously with the
transfer of fluid between the second stage and the third

stage through wvalve 3b at pressure PT23 and the intake of
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fluid at inlet 81.
Single-stage

For the single-stage configuration, only the cycle
concerning the first stage ‘PEl’ is considered in figure 7.
In this case, the outlet pressure P2 is equivalent to the
discharge pressure PT12 from the first stage.

Three-stage version

It 1s equally ©possible to create a three-stage
compressor based on the same architecture with common
standard components. To do this, the use of the fourth
stage can be blocked off, wvalve 3¢ eliminated, and the
outlet from the compressor on the third communication line
F3 removed. It 1s possible to partition the regenerator
into three ring sections having a 120° arc, or to use only
three of the four regenerator guarter sections mentioned
above.

Figure 5 (and also figure 11) shows an embodiment of
the device for driving the rod and piston assembly. This
embodiment can be applied in a similar to the two-stage or
four-stage configurations described above.

The movements of the rod 8 can be controlled by any
appropriate drive device; in the example illustrated in
figures 5 and 10, it concerns a self-sustaining drive
device 4 acting on an end of the rod. This self-sustaining
drive device 4 comprises a flywheel 42, with a connecting
rod 41 connected to said flywheel by a pivoting connection.
The connecting rod 41 is connected to the rod by another
pivoting connection.

In the example illustrated, the self-sustaining drive
device 4 is housed in an auxiliary chamber EQ0 filled with
gaseous working fluid at a pressure denoted Pa. The sealing
ring 18 is placed between the chamber El1ll and the auxiliary
chamber EO. When the device 1is operating, the pressure Pa
in the auxiliary chamber EO converges to an average

pressure substantially equal to the half the sum of the min
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PElmin and max PElmax pressures of the first stage. When
the device has been shut down for awhile, the pressure in
the auxiliary chamber EO becomes equal to the pressure
prevailing in the chambers of the first stage E11,E12. The
force exerted on the rod 8 can be written in the form (PEl-
Pa)x S, S being the cross-sectional area of the rod.

The thermodynamic cycle, as represented in figure 8
which shows the resultant of the forces on the cross-
sectional area of the rod as a function of 1its axial
displacement X1, yields ©positive work in the self-
sustaining drive device represented by the area Wa
illustrated in the diagram. As a result, the back and forth
movement of the piston assembly 7 can be self-sustained by
said driving system 4.

The pressures are in general equilibrium in the piston
assembly 7 except in the equivalent section of the rod 8.
The self-sustaining work output is proportional to the
cross—-sectional area S of the rod and therefore the cross-
sectional area S of the rod will be chosen so as to
generate sufficient work.

The rotation speed of the flywheel 42 and therefore the
frequency of the strokes of the piston assembly 7 1is
established when the force expended through friction
reaches the force delivered to the rod by the thermodynamic
cycle.

As illustrated in figure 10, a housing 98 enclosing the
auxiliary chamber E0 has a base 93 which is attached to the
cylinder 50 by conventional attachment means 99. 1In
addition, the driving system 4 can comprise an electric
motor 95 which is coupled to the flywheel 42 through a
shaft 94 centered on Y. In the example represented in
figure 10, the electric motor 95 1is located inside the
housing 98, therefore inside the enclosure where the gas is
confined at pressure Pa. Only the leads 96 supplying power
to the motor pass through the wall of the housing, but
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without any relative movement, which makes a high level of
fluidtightness possible.

In a variant not represented, the electric motor is of
a particular form, having a disc rotor, for example with a
permanent magnet, which 1s placed inside the enclosure
against the wall and a stator placed opposite it outside
the enclosure against the wall. In this case, the
electromagnetic control circuits and the leads 96 are
exposed.

It 1is wunderstood, however, that the motor could be
entirely exposed outside the housing 98, but in this case a
slip ring around the shaft is necessary.

In addition, said electric motor 95 coupled to the
flywheel 1s adapted to dimpart an initial ©rotational
movement to the flywheel in order to initialize the self-
sustaining movement. In addition, the motor can Dbe
controlled in generator mode by a control unit (not
represented), which allows slowing the flywheel and
regulating the rotation speed of the flywheel.

During normal operation, the mechanical power delivered
to the self-sustaining drive device 4 will be greater than
the losses due to friction, such that residual electric
power will be available (normal generator mode of
operation). This extra electric power will be usable for
electrically powered elements outside the compressor,
including its regulation system, the pumps or fans of a
cooling system, recharging a starter Dbattery, or for
cogeneration requirements.

Figure 9 shows a possible arrangement of the different
series of passages 53-58 arranged in the cylinder 50 in
which the piston assembly 7 moves.

As 1is evident from the wvarious descriptions provided
above, the fixed dividers 61,62 63 are optional and are
only installed if they are required for the configuration

being constructed.



CA 02881609 2015-02-09

WO 2014/023586 PCT/EP2013/065786

10

15

20

25

30

35

19

Similarly, the supplemental series of ports 55-58 could
be absent if not offering the four-stage configuration.

It should be noted that although the passages and ports
of the series 53-58 are represented as being present all
along the circumference, it is also possible to place each
of the series of ports only over the ring section
necessary, for example over 180° for series 53 and 54, and
for example over 90° for series 55-58.

For standardization, one could manufacture a cylinder
appropriate for the configurations in 1, 2, 3 or 4 stages
and could block off the unused ports via external closure
as will be described below.

In a variant represented in figure 11, a decrease in
the volume of the chambers of the third and fourth stages
can be arranged in order to accommodate the increase in
pressure. For this purpose, in the cold chambers and hot
chambers of the third and fourth stages are respectively
provided filling rings 48,49 having an inside diameter
corresponding to the outside diameter of the third and
fourth pistons 73,74, this diameter being substantially
smaller than the diameter of the first and second pistons
71,72.

To maintain the standard arrangement of the cylindrical
sleeve 50, the position of the series of ports 53,54 and
where necessary the series of ports 55-58 does not reguire
any modification, due to the transfer passages 47 arranged
in the filling rings mentioned above.

Figures 12, 124, 12B and 12C show a particularly
advantageous embodiment concerning the communication lines
F1-F4, and more particularly communication lines F2-F4
which connect to the passages or ports which are not
arranged at the ends of the enclosure. To maximize the
thermal coupling between the communication 1line and the
respective heat or cold source, at least one external

portion 67 arranged in the immediate vicinity of the
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enclosure 1is provided. For the cold portion 15, the
external portion 67 of the communication line F2-F4 extends
between the cold interface 9a of the regenerator and the
lower end 2a of the enclosure. For the hot portion 16, the
external portion 67 of the communication line F2-F4 extends
between the hot interface 9b of the regenerator and the
upper end 2b of the enclosure.

In the example illustrated here, which concerns
industrially optimizing the production of such
communication lines F2-F4, a blind hole 64 is bored into a
piece of frame 88, its inside surface forming the cylinder
50 and its outside surface forming the external envelope of
the enclosure 2. Said hole 64 1is made in a direction
parallel to the axis Z; one of the radial passages 53-58
opens 1into this hole 64. In addition, the mouth of this
hole is flared 77 for connection to the regenerator 9.

Into this hole 64 is placed an insert or dissymmetrical
core 66 of a shape which delimits an internal channel
portion 68 and an external channel portion 67 for the
communication line. In effect, the insert 66 comprises a
diametric portion 69 which leaves no clearance when
inserted in a circumferential direction into the hole 64
and a plugging portion 76 which forces the fluid to flow
from port 53-58 first through the internal channel portion
68 then through the external channel portion 67, where the
thermal exchange 1s maximized due to the proximity of the
heat source or cold source.

In addition, the shape of the core 66 can
advantageously be used to plug one or more ports 53-58
which must be sealed in the configuration used. The mouth
of a port to be plugged, denoted 74, is closed off in the
illustrated example by the presence of the plugging portion
76. Similarly, for a port to be plugged denoted 75 which is
located between the active port 79 and the end of the

enclosure, an auxiliary plugging portion 78 is provided
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which allows closing off the mouth of this port 75 to be
plugged (see Fig. 12C). This represents a practical
solution that is appropriate for selectively blocking the
external mouths of the series of ports 53-58 which are not
used for the configuration being constructed and which must
therefore be sealed.

A person skilled in the art will wunderstand from
reading the above description that it 1is possible to
provide a range of modular compressors constructed on a
common architecture and several standard components, said
range able to include a type of single-stage compressor, a
type of dual-stage compressor, a type of four-stage
compressor, without excluding three-stage, six-stage, or
greater configurations. In particular, the cylinder is a
common component, and the regenerator parts or sections are
also common components. The fixed dividers 61-63 are
optional components as are the filling rings 48,49. The
desired configuration is obtained by managing different
types of inserts 66.

As for the connecting rod assembly 41,42 of the self-
sustaining drive device 4, its geometry must be adapted to
the stroke of the piston assembly 7, which grows shorter as
the number of stages is increased as can be seen in the
figures.

It should be noted that the sectional partitioning of
the regenerator could differ from the four sections of 90°
each, but an advantageous partitioning consists of dividing
360° by the number of stages, meaning 360°/N if N is the
number of stages.

It should be noted that the first and second passages
are not necessarily ports, but may be formed as a radial
opening or by any specific arrangement of the cylinder end.

It is possible for there to be not one but a plurality
of valves 3a,3b,3c distributed along the circumference of

the pistons or dividers concerned.



CA 02881609 2015-02-09

WO 2014/023586 PCT/EP2013/065786

10

15

20

25

22

It should be noted that the piston or pistons 7
described above are equipped along their peripheral edge
with a fluidtight system of varying efficiency according to
the technological choices made.

It should be noted that the thickness of the middle
divider 61 could be increased to improve the thermal
insulation between the hot 16 and cold 15 parts of the
compression device 1. Thus the thickness of the divider 61
could be near or slightly greater than the stroke of the
rod 8.

It should be noted that, to avoid reheating the fluid
from one stage to another, an internal cooling device
inside the third divider 63 could be provided.

Similarly, to improve the dynamic behavior of the check
valves between the different stages, there could Dbe
arranged in the first and third pistons 71,73 and in the
third fixed divider 63 an internal compensating volume (not
represented), which prevents a possible difference between
pressures in the cold chambers.

The working fluid wused can be chosen from among
appropriate fluids, in particular it can include
hydrofluorocarbons such as R410A, R407C, R744 or
equivalent; C0O2 can also be chosen for environmental
reasons.

The speed of the alternating movement of the compressor
can be chosen to be within 5Hz to 10Hz (300 to 600 rpm).

The pressures involved in the various compression
stages can range from about ten bars to several hundred

bars, depending on the working fluid chosen.
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CLAIMS
1. Device for compressing gaseous fluid, comprising:

- an inlet for gaseous fluid to be compressed and an outlet

for compressed gaseous fluid,

- a cylindrical main enclosure (2) containing gaseous
fluid,
- at least one first chamber (E11), thermally coupled to a

heat source (6) adapted for adding heat energy to the
gaseous fluid,

- at least one second chamber (E12), thermally coupled to a
cold source (5) in order to transfer heat energy from the
gaseous fluid to the cold source,

- at least one piston assembly (7) mounted in a cylindrical
sleeve (50) so as to move in an axial direction (Z) and
separating the first chamber and second chamber inside said
main enclosure,

- at least one regenerative heat exchanger (9) arranged
circumferentially around the sleeve and establishing a
fluid communication between the first and second chambers
by means of at least one first communication line (F1),

the first chamber (E11) comprising at least one first
communication passage (51) arranged at a first end (2a) of
the enclosure and connected to the first communication
line, the second chamber (E12) comprising at least one
second communication passage (52) arranged at a second end
(2b) of the enclosure and connected to the first
communication line,

the first chamber (E11), the second chamber (E12), and the
first communication line (F1l) forming a first compression
stage (E1),

wherein the device comprises a plurality of third (53) and
fourth (54) passages in the form of ports arranged in an
intermediate portion of the enclosure between the first and

second ends, the plurality of third and fourth passages
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being prearranged for the fluid connection of third and
fourth chambers (E21,E22) which are possibly arranged in
the main enclosure between the first and second chambers.

2. Device for compregsing gaseous fluid according to
claim 1, additionally comprising, within the same main
enclosure, saild third and fourth chambers (E21,E22) and a
first fixed divider (61) separating the third and fourth
chambers, the piston assembly comprising first and second
pistons (71,72) connected to each other by a rod (8) and
arranged on each side of the fixed divider, at least one
second communication line (F2) establishing a communication
between the third and fourth chambers through the
regenerator, the third chamber (E21), the fourth chamber
(E22), and the second communication line (F2) forming a
second compression stage (E2), functionally placed serially
behind the first stage (El).

3. Device for compressing gaseous fluid according to
claim 2, wherein the regenerator (9) comprises at least two
regenerator ring sections (91,92), independent of each
other, the set of ring sections forming a ring arranged
about the sleeve (50) near the first fixed divider (61).

4. Device for compressing gaseous fluid according to
claim 3, comprising N stages, N being chosen from among a
set of values including 2,3,4,6,8, wherein the regenerator
is divided 1into N ring sections each having an arc of
360°/N, independent of each other.

5. Device for compressing gaseous fluid according to
claim 4, additionally comprising, within the same main
enclosure, third (E3) and fourth (E4) stages (N=4), the
third stage comprising a hot chamber (E32), a cold chamber
(E31), and a third communication line (F3), the fourth
stage comprising a hot chamber (E42), a cold chamber (E41),
and a fourth communication line (F4).

6. Device for compressing gaseous fluid according to

claim 5, wherein the chambers of the fourth stage (E4) are
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inserted between the chambers of the third stage (E3), which themselves are
inserted between the chambers of the second stage (E2), which in turn are

inserted between the chambers of the first stage (E1).

7. Device for compressing gaseous fluid according to any one of claims 1
to 6, additionally comprising a drive system (4) for the piston assembly
which comprises an auxiliary chamber (EO), a rod ( 8) secured to the piston
assembly and axially guided, a connecting rod ( 41) connected to the rod,
and a flywheel (42) connected to the connecting rod, by means of which the
back and forth movement of the piston assembly can be self-sustained by
said drive system.

8. Device for compressing gaseous fluid according to any one of claims 5
or 6, wherein the first communication Iiné (F1) and/ or the second
communication line (F2) and/ or the third (F3) or fourth (F4) communicatioh
line comprises at least one external portion (67) arranged in the respective
immediate vicinity of the hot and/or cold sources, between the regenerator
and at least one of the ends (2a, 2b) of the enclosure.

9. Device for compressing gaseous fluid according to claim 8, wherein the
second communication line (F2) and/or the third (F3) or fourth (F4)
communication line comprises a borehole (64) into which is inserted a

dissymmetrical core ( 66) .

10. Thermal system comprising a heat transfer circuit and a device for

compressing gaseous fluid according to any one of claims 1 to 9.
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