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is bypassed back to a suction inlet of the downstream compressor during a portion of a compression stroke of the downstream com-
pressor for equalizing the mass flow rate through the two compressors.
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(a) TITLE: Dual Mode Compressor With Automatic Compression Ratio Adjustment For
Adapting To Multiple Operating Conditions

BACKGROUND OF THE INVENTION

Field Of The Invention

This invention relates generally to compressors and more particularly to a
compressor that can be easily adapted for use in any one of multiple systems so that
identical compressor modules can be manufactured but can be installed in different
applications having different operating conditions. The compressor can also be used in an
application which has multiple operating conditions, such as a refrigeration system having
multiple compartments maintained at multiple different temperatures, and can

automatically change its operating mode in response to changes in operating conditions.

Description Of The Related Art

Refrigeration and air conditioning systems have long used the phase change
refrigeration cycle for cooling objects, such as food, to reduced temperatures and for
maintaining them at a reduced temperature for preservation. These refrigeration systems
have a closed loop in which a refrigerant is compressed to a compressor discharge
pressure and discharged into a heat exchanging condenser where heat is rejected.
Refrigerant is accumulated in the condenser and metered from the condenser into an
evaporator where heat is accepted through the evaporator walls from the stored objects in
thermal connection with the evaporator. The rate at which the refrigerant is metered into
the evaporator is controlled by a temperature control system which senses the temperature
of the objects and meters the refrigerant into the evaporator as a function of evaporator
temperature. From the evaporator the refrigerant is returned at a suction pressure to a
compressor to complete the closed loop.

The design temperature that is sought to be maintained by a refrigeration system is
dependent upon the particular application. Because there are an extensive variety of
applications for refrigeration systems, their design temperatures vary over a wide range.
For example, a refrigerator may be designed to preserve food in a state that does not

damage some foods or require thawing of the foods. This refrigerator has a fresh food
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compartment in which food is retained in a relatively higher temperature zone at slightly
above 0°C. Another refrigeration system may be designed to freeze food and therefore
has a freezer compartment in which food is retained in a significantly lower temperature
zone, for example in the range of -17°C to -40°C. In the higher temperature zone of the
fresh food compartment, the refrigerant is exposed to a higher temperature than in the
lower temperature freezer zone. Consequently, the refrigerant in the evaporator of the
fresh food compartment has a higher temperature, pressure and density and therefore
presents a higher suction pressure to the compressor. The refrigerant in the evaporator of
the freezer compartment is exposed to a lower temperature and therefore has a lower
temperature, pressure and density and therefore presents the compressor with a lower
suction pressure.

Alternatively, a single refrigeration system can be provided with multiple cooling
compartments for maintaining objects at a different temperature in each compartment. A
refrigerator may have both a fresh food compartment and a freezer compartment in which
food is retained at the above temperatures. In the higher temperature zone of the fresh
food compartment, the refrigerant is exposed to a higher temperature than in the lower
temperature freezer zone. Consequently, the refrigerant in the evaporator of the fresh food
compartment has a higher temperature, pressure and density and therefore presents a
higher suction pressure to the compressor. The refrigerant in the evaporator of the freezer
compartment is exposed to a lower temperature and therefore has a lower temperature,
pressure and density and therefore presents the compressor with a lower suction pressure.
Although it is common to provide home refrigerators with only a single evaporator and it
is also known to connect two evaporators in series, a compressor can supply refrigerant to
multiple evaporators for multiple compartments, with each compartment having its own
temperature control system and expansion valve for metering refrigerant flow through the
expansion vaI\'re for its compartment.

Although compressors are used in refrigeration systems, they are also used in a
variety of other applications. Compressor applications expose compressors to different
suction pressures and other intake gas parameters, either because compressors of one
design may be installed in different applications each having a different operating
condition or because a single compressor may be exposed to multiple operating

conditions in a single application. The existence of these different operating conditions
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means that the compressor may alternatively be exposed to: (1) a relatively higher gas
temperature, density and suction pressure and (2) a relatively lower gas temperature,
density and suction pressure. For a compressor that has a piston reciprocating in a
cylinder, the volume flow rate is proportional to the piston stroke and is simply the
displacement. However, the mass flow rate is not only a function of the displacement, but
also is a function of the gas density. This is the result of the fact that the same volume of a
gas has less mass if the gas is at a lower density and more mass if at a higher density.
Therefore, when a refrigeration compressor is presented with different operating
conditions that provide a gas at different densities and suction pressures, the mass flow
rate through the compressor changes in response to changes in density, temperature and
suction pressure of the gas refrigerant.

If a compressor is optimized for any one of these multiple operating conditions, it
will not be optimized for the other. If it is optimized for an intermediate condition, it will
not be optimized for any. For example, if the compressor is designed to operate at a
relatively lower suction pressure and density and to provide a selected mass flow rate
under that operating condition, if it is operated at a relatively higher suction pressure and
density condition, the mass flow rate through the compressor will increase approximately
in proportion to the change in the density.

Under the condition of a higher temperature, density and suction pressure, such as
for supplying refrigerant to cool a fresh food compartment, the compressor should have a
lower compression ratio in order to deliver compressed refrigerant gas at the desired
discharge pressure into the condenser. At the condition of a lower temperature, density
and suction pressure, such as for supplying refrigerant for cooling a freezer compartment,
a higher compression ratio is needed to deliver the gas to the condenser at the desired
discharge pressure.

It is an object and feature of the invention to provide a compressor that can adapt
to these different operating conditions by changing its mode of operation in order to
optimize its efficiency and provide the desired compression ratio for both operating

conditions.
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BRIEF SUMMARY OF THE INVENTION

The invention is a dual-mode compressor apparatus using two compressors
operated alternatively in series or parallel mode for compressing refrigerant or other gas
at either of two compression ratios. The dual mode operation accommodates either of two
operating conditions but does so in a manner that avoids an unbalanced mass flow rate
through the compressors when they are operated in a series mode. The compressors are
operated in parallel when the input suction pressure is above a selected pressure. When
the input suction pressure is below a selected pressure, the compressors are operated in
series and the downstream one of the compressors is unloaded by passing refrigerant back
to a suction inlet of the downstream compressor during a portion of a compression stroke
of the downstream compressor for equalizing mass flow through the two compressors.

The upstream, first compressor has a suction port connected to receive gas from a
gas supplying enclosure. The downstream, second compressor has a discharge port
connected to an inlet of a gas receiving enclosure. A 3/2 way valve has its inlet connected
to the discharge port of the upstream, first compressor, a first outlet connected to the inlet
of the gas receiving enclosure and a second outlet connected to the suction port of the
downstream, second compressor. A one way valve is connected between the gas
supplying enclosure and the suction port of the downstream, second compressor for
permitting passage of the gas from the gas supplying enclosure into the suction port of the
downstream, second compressor except when pressure at the suction port of the
downstream, second compressor exceeds the pressure of the gas supplying enclosure. An
unloading valve has an inlet connected in communication with an unloading port through
the cylinder of the downstream, second compressor between the reciprocation limits of its
piston. The unloading valve also has an outlet connected to the suction port of the
downstream, second compressor. The unloading valve is closed except when pressure at
the suction port of the downstream, second compressor exceeds the pressure at the suction
port suction port of the upstream, first compressor. When the unloading valve is opened,
the compression ratio of the downstream, second compressor is reduced in order to

equalize gas mass flow rate through the two compressors.
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

Fig. 1 is a schematic and diagrammatic view of an embodiment of the invention.

Fig. 2 is a schematic and diagrammatic view of another embodiment of the
invention.

Fig. 3 is a view in section of the preferred embodiment of the invention.

In describing the preferred embodiment of the invention which is illustrated in the
drawings, specific terminology will be resorted to for the sake of clarity. However, it is
not intended that the invention be limited to the specific term so selected and it is to be
understood that each specific term includes all technical equivalents which operate in a
similar manner to accomplish a similar purpose. For example, the word connected or
term similar thereto is used. They are not limited to direct connection, but include
connection through other elements where such connection is recognized as being

equivalent by those skilled in the art.

* (h) DETAILED DESCRIPTION OF THE INVENTION

Fig. 1 illustrates the basic principles of the dual-mode compressor apparatus of the
invention which is used for receiving and compressing a gas from a gas supplying
enclosure and discharging compressed gas into a gas receiving enclosure. The invention is
illustrated in a refrigeration application that includes a condenser, temperature control
system, expansion valve and evaporator. Because the invention resides in the compressor
apparatus, these other components are lumped together and illustrated as non-compressor
apparatus 10. The components of the non-compressor apparatus 10 are constructed and
arranged according to principles well known to those skilled in the art of refrigeration
using a closed loop refrigeration system known as the phase change refrigeration cycle or
the Rankine cycle. The systems use vapor compression in which the vapor is often treated
for design purposes as a gas. The term gas is used herein to include vapor. In accordance
with these principles, the gas is a refrigerant, the gas supplying enclosure is an evaporator
of the refrigeration system from which refrigerant is drawn, compressed and discharged at
a higher pressure into a condenser, which is the gas receiving enclosure.

The compressor apparatus is a dual compressor apparatus because it has two
compressors. A first compressor 1 has a piston 18 reciprocating in a cylinder 20 between

reciprocation limits and has a suction port that is the first suction port 1S of the dual
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compressor apparatus. The first suction port 1S is connected to receive gas from the outlet
22 of a gas supplying enclosure, which is the evaporator of the apparatus 10. The first
compressor 1 also has a discharge port that is the first discharge port 1D of the dual
compressor apparatus. The first compressor 1 has the conventional one way valves for
intake and exhaust of gas into and out of the cylinder 20.

A second compressor 2 also has a piston 12 reciprocating in a cylinder 14 between
reciprocation limits. The second compressor 2 has a second suction port 2S and a second
discharge port 2D connected to a gas receiving enclosure, and in particular to an inlet 16
leading to the condenser of the apparatus 10. The second compressor 2 also has the
conventional one way valves for intake and exhaust of gas into and out of the cylinder 14
in the known manner.

Preferably, the two compressors have the same displacement because, in one
mode of operation, they operate in parallel connection. Most preferably the two
compressors are identical and are operated simultaneously at the same stroke and
frequency. These preferred configurations provide identical loading, compression
parameters and life expectancy and also minimize cost because only one compressor
design and one manufacturing operation is needed. It is also preferred that their pistons
reciprocate coaxially and oppositely phased so that the inertia forces are cancelled in
order to minimize vibration.

The invention uses a 3/2 way valve. A 3/2 way valve has three ports and two
states. It connects an inlet alternatively to either one of two outlets and blocks the other
outlet and is somewhat analogous to a single pole double throw electrical switch. They
are sold commercially, are very common in heat-pumps and typically are fabricated as a
slide or spool valve. In Fig. 1, a 3/2 way valve 24 has an inlet 26 connected to the first
discharge port 1D, a first outlet 28 connected to the inlet 16 of the gas receiving enclosure
and a second outlet 30 connected to the second suction port 2S of the second compressor
2. This 3/2 way valve 24 switches the connection of the first compressor 1 between two
states. In the state illustrated in Fig. 1, the first compressor 1 is connected in parallel with
the second compressor 2 so that both compressors intake gas at the suction pressure of the
evaporator at outlet 22. When the state of the 3/2 way valve 24 is switched, the two
compressors are operated in series because the first compressor 1 intakes gas at the

suction pressure of the evaporator at outlet 22 and discharges compressed gas through the
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3/2 way valve 24 into the second suction port 2S of the second compressor 2 where the
gas can be further compressed. The 3/2 way valve 24 can be switched between the series
and parallel states manually or by an actuator responding to a control signal. For example,
it can be switched manually to the state that is best suited for a suction pressure operating
condition in the particular application in which it is to be used

A one way valve 32 is connected between the outlet 22 from the gas supplying
enclosure (the evaporator) and the second suction port 2S for permitting passage of the
gas from the gas supplying enclosure into the second suction port 2S  except when
pressure at the second suction port 2S exceeds pressure at the gas supplying enclosure
outlet 22. This one way valve 32 operates to close when the two compressors are operated
in series as a result of switching the state of the 3/2 way valve 24 from the parallel state
illustrated in Fig. 1 to its series state. The one way valve 32 closes because compressed
gas, which is compressed by the first compressor 1, flows from the first discharge port 1D
through the 3/2 way valve 24 to the second suction port 2S. Therefore the pressure at the
second suction'port 2S is greater than the pressure at the first suction port 1S. However,
when the compressors are operated in parallel mode, the higher pressure gas from the first
compressor 1 passes instead to the condenser inlet 16 and therefore gas is drawn by the
second compressor 2 in through its suction port 2S by the piston 12.

When the two compressors are operated in parallel, it is desirable that both operate
with their maximum volume displacement so that the flow rate is maximized. However,
when the two compressors are operated in series, the suction pressure at the downstream,
second stage compressor 2, is greater than the suction pressure at the upstream, first stage
compressor 1. Therefore, unless the compressors had very different volume displacements
or frequencies of reciprocation, the mass flow rate through each of the two series-
connected compressors would be different. This, however, is impossible because the gas
is flowing in series through both. The change in mass flow rate would increase the work
done by the second stage, downstream compressor so that the two, identical compressors
in series would have unbalanced loading. Therefore, if the compressors are operated so
that their pistons reciprocate along a common axis but 180° out of phase in order to
minimize vibration, the unbalanced loading would cause the compressors to operate
unbalanced and therefore reduce the cancellation of vibration forces. This is particularly

true if the compressors are free piston compressors in which the stroke is a function of
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loading. Of course, with a free piston compressor, the stroke of one compressor could be
reduced in order to reduce the mass flow rate of the second stage. However, not only is it
difficult to adjust the mass flow rate of a compressor, but also if two free piston
compressors are operated coaxially in order to reduce vibration and the stroke of one
piston is reduced, that will itself create an imbalance of the inertial forces which will
reduce the vibration cancellation and permit greater vibration.

In order to solve this problem and permit the downstream compressor to further
compress gas already compressed by the upstream compressor, an unloading valve 34 is
arranged to decrease the volume flow rate, i.e. the effective volume displacement, of the
downstream compressor 2 in order to equalize or match the mass flow rate through the
two compressors when they are operated in the series mode. This is done in a way that
maintains the same piston stroke, while decreasing the volume displaced. The unloading
valve 34 has an inlet 36 connected in communication with an unloading port 38 through
the cylinder 14 of the second compressor 2. The port 38 is positioned between the limits
of reciprocation of the piston 12. The exact position of the port 38 for any particular
embodiment is selected by the designer to provide the desired compression ratio for
matching the mass flow rate through the two compressors when operated in the series
mode. The unloading valve 34 has an outlet 40 connected to the second suction port 2S.
The unloading port 38 is maintained closed by the unloading valve 34 except when the
pressure at the second suction port 2S exceeds the pressure at the first suction port 18.
With the unloading valve 34 in its closed state, the second compressor 2 operates in a
normal manner with the two compressors connected in parallel. However, when the
pressure at the downstream, second suction port 2S becomes greater than the pressure at
the upstream, first suction port 1S, the unloading valve 34 is opened to reduce the
compression ratio of the first compressor 1 in order to equalize gas mass flow rate
through the two compressors.

Opening the unloading valve 34 reduces the effective compression ratio of the
downstream, second compressor 2 because the interior of the cylinder 14 remains in
communication with the second suction port 2S except when the piston 12 covers the
unloading port 38. While the unloading port 38 is opened, any gas drawn into the cylinder
14 is simply forced back to the suction port 2S until the piston 12 covers the unloading

port 38 while traveling in a compression stroke. As the piston 12 thereafter continues
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toward its top-dead-center position (one limit of its travel), the gas remaining in the
cylinder 14 is compressed. Consequently, the volume displacement of the second
compressor 2, while operating in the series mode, is determined by the location of the
unloading port 38 between the limits of the travel of the piston 12. Specifically, that
volume displacement is the distance from the unloading port 38 to the limit of piston
reciprocation multiplied by the area of the cylinder 14.

Operation of the unloading valve 34 is made automatic by linking the unloading
valve 34 to a differential pressure actuator 42. Since the unloading valve 34 is switched in
response to the pressure relationship between the second suction port 2S and the first
suction port 1S, the differential actuator 42 has two chambers separated by a piston or
preferably a flexible diaphragm 43 which can be better sealed to a cylinder wall at its
periphery. One chamber 44 is connected in fluid communication with the first suction
port 1S and the other chamber 46 is connected in fluid communication with the second
suction port 2S. The differential actuator 46 is biased by a spring 48 to close the
unloading valve except when the pressure at the second suction port 2S exceeds the
pressure at the first suction port 1S and pushes the diaphragm 43 to switch the unloading
valve 34 to its open state. A typical activation threshold pressure differential for actuating
the differential pressure actuator 42 to open the unloading valve 34 is on the order of 1
bar for typicaﬂy anticipated applications.

Although the use of a differential pressure actuator is preferred, other actuators
can be used. For example, an electromagnetic actuator or solenoid can be used. Its
actuating signal can be derived from a differential pressure sensor or it can be generated
by a control system.

When the dual compressors are operated in the series mode, the gas compressed
by the first compressor 1 will be heated in accordance with thermodynamic principles.
Although this heat can be rejected in the condenser in the ordinary manner, efficiency can
be improved if a heat exchanger 50 is interposed in connection between the first discharge
port 1D and the second suction port 2S . Preferably, the heat exchanger 50 is connected
between the first discharge port 1D and the inlet 26 of the 3/2 way valve. The heat
exchanger 50 rejects heat from refrigerant compressed by the first compressor 1 before
the refrigerant is compressed by second compressor 2. This is done to enhance the

efficiency of the downstream second compressor 2 by introducing heat rejection between



10

15

20

25

30

WO 2006/098808 PCT/US2006/002175

the stages so that the second stage “starts” its compression with a colder gas. The heat
exchanger 50 can be a structure similar to a condenser.

Although switching the state of the 3/2 way valve 24 is principally.contemplated
to be done manually, it can be done by an automatic control system in a variety of ways.
For example, a pressure or temperature sensor 52 can alternatively be mounted to detect
the pressure or temperature of the gas at the first suction port 1S which is connected to the
outlet 22 of the apparatus 10. The sensor 52 is connected to a control and actuator 54,
which may for example include a solenoid, for switching the 3/2 way valve. The control
and actuator 54 switches the 3/2 way valve to a state connecting its inlet 26 to the
condenser inlet 16 in response to a sensed pressure or temperature above a selected value
and to connect its inlet 26 to the second suction port 2S in response to a sensed pressure
or temperature below a selected value. In this way, when the sensor senses a lower
pressure operating condition that makes operation in the series mode more efficient, the
dual compressor system will be switched to its series mode. Similarly, when a higher
pressure is sensed, the dual compressor system will be switched to its parallel mode.

Figure 2 illustrates an alternative embodiment to which the alternatives described
in connection with Fig. 1 are also applicable. The dual mode compressor illustrated in
Fig. 2 is the same as that illustrated in Fig. 1 except as described otherwise. Although
embodiments of the invention are principally contemplated for use in applications having
different operating conditions with the embodiments being manually placed in either the
parallel or series mode in response to the operating conditions of the applications, an
embodiment of the invention can also be used in an application in which the operating
conditions change during the course of ordinary use. In such an application, the system is
provided with a control system that senses an operating condition parameter and then
switches modes in accordance with the sensed operating condition.

Fig. 2 illustrates an example of one such application. A non-compressor apparatus
60 has a condenser 62 that supplies refrigerant independently to each of two evaporators.
For example, one evaporator/expansion valve 64 cools a fresh food compartment and the
other evaporator/expansion valve 66 cools a freezer compartment and these two
compartments are at different temperatures. These have the well known expansion valves,
cooling control valves for controlling the flow of refrigerant through the expansion valves

and a temperature control system 68. As known in the art, the expansion valve and the
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cooling control valve can be integrated to get the same function of controlling the flow of
refrigerant through the expansion valve. In the conventional manner, the temperature
control system 68 senses the temperature in each evaporator and supplies refrigerant to
the evaporator needing cooling. Therefore, the electrical signal or other condition that is
used to cgntrol the expansion valves can also supply a signal to switch the state of the 3/2
way valve. The freezer evaporator and the fresh food evaporator operate at two
significantly different temperatures and therefore exhibit substantially different suction
pressures. When the control signal of the temperature control system 68 senses a
sufficiently high temperature in the freezer compartment and actuates the expansion valve
for the freezer compartment evaporator, that actuation signal can also be used to place the
3/2 way valve 70 in its state for the series mode of operation. Similarly, when it senses a
sufficiently high temperature in the fresh food compartment and actuates the expansion
valve to provide cooling to the fresh food evaporator, the signal is used to switch the 3/2
way valve 70 to its parallel state. These signals can be processed or modified by an
intermediate control if needed and are applied to an actuator 72 in order to select the staie
of the 3/2 way valve 70.

As an alternative, the cooling control valves, that control and alternately direct the
flow of refrigerant to the respective freezer evaporator/expansion valve 64 and the fresh
food evaporator/expansion valve 66, can be added to the valve 70. In that way a single
slide or spool valve can control both the switching of the compressor mode between
series and parallel and also the direction of reﬁigérant into the evaporator of either the
fresh food compartment or the freezer compartment as determined by the cooling control
68. As another alternative, the mode control valve and the refrigerant control valves can
be individual valves but all controlled by the actuator 72. This illustrates that the
invention is not limited to a valve that is only a 3/2 way valve. A valve can be used that
has other inlets and outlets on the same physical valve structure. All that is needed is that
at least a part of the valve be operable as a valve with an inlet and two outlets with the
valve have two states, each state connecting the inlet to one of the outlets and blocking
the other outlet.

Fig. 3 illustrates the preferred embodiment of the invention. Each compressor
comprises a free piston compressor having its piston driven by a linear motor. Such

compressors are well known in the art. One compressor 82 has a piston 84 which carries
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an intake check valve 86 at its end face. The piston 84 is connected by a connecting rod to
a planar spring 88 so that it can reciprocate, preferably at a resonant frequency within a
cylinder 89. The piston 84 is driven in reciprocation by its attachment to an annular array
of magnets 90 which are driven in reciprocation by an alternating magnetic field
generated by an alternating current flowing though armature windings 92. The cylinder 89
is connected through a one way valve 91 that is biased by a spring 93 and permits exhaust
of compressed gas through a conduit 95 to a discharge port 97.

The other compressor 81 is nearly identical to the compressor 82 describe above.
It discharges compressed gas through a conduit 99 and a discharge port 107 to a 3/2 way
valve 101 which corresponds to the 3/2 way valve 24 of Fig.1. It also has a first suction
port 103 connected to the outlet 105 from an evaporator and opening into its housing. The
compressor 81 is preferably mounted coaxially with the compressor 82 so that their
respective pistons can reciprocate in opposite directions along same axis and 180° out of
phase and thereby minimize vibration.

Each of the two compressors is enclosed in a housing that is sealed except for
defined passages so that each housing will confine the gas refrigerant under pressure. The
housings are formed by a generally cylindrical wall 94 that is separated into the two
housings by an intermediate wall 96 and sealed at its ends by end caps 98 and 100. The
interior volume of each piston is in open gas communication with the interior of its
housing so that the interior of each housing is at the suction pressure of the compressor
that it houses.

Passages 102 extend through the intermediate wall 96 and therefore between the
two compressor housings. A one way valve, illustrated in the form of a flapper valve 104
mounted at the passage 102, connects the interior of the housings in a manner
corresponding to the one way valve 32 in Fig. 1. Preferably there are a plurality of
circularly arranged such flapper valves. The one way flapper valves 104 have minimum
bias so that, like the valve 32, only a relatively small pressure differential across them is
needed to open the flapper valves 104.

As in the embodiment of Fig. 1, the 3/2 way valve 101 has a first outlet 110
connected to the condenser inlet 112 and a second outlet 113 connected to a suction port
114 of the compressor 82. The inlet 111 of the 3/2 way valve 101 is connected to the
discharge port 107. The discharge port 97 of the compressor 82 is connected to the

12
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condenser inlet 112. The 3/2 way valve 101 therefore alternatively connects the first stage
compressor 81 in series with the second stage, downstream compressor 82 or in parallel
with the compressor 82.

Fig. 3 also illustrates an example of an unloading valve and its differential
actuator. This unloading valve and differential actuator is formed by an annular sleeve
120 sealingly surrounding the cylinder 89 of the second compressor 82. The sleeve 120 is
axially slidable along the exterior surface of the cylinder 89 so that the sleeve can
alternatively cover and uncover the unloading ports 122 which are circumferentially
spaced around the cylinder 89. In order to minimize leakage, the inner surface of the
sleeve 120 and the interfacing outer surface of the cylinder 89 have a tight clearance
similar to the clearance that is typical of the clearance between the piston and cylinder.

An annular bellows 124 is sealingly attached at one end to the annular sleeve 120
and sealingly attached at its opposite end to the cylinder 89 through an intermediate
annular flange 126 extending from the cylinder 89. This forms a sealed interior chamber
within the bellows 124. The exterior surface of the bellows is in fluid communication
with the suction pressure of the second compressor 82 because, as described above, the
entire interior of the housing for the compressor is at their respective suction pressures.
The bellows 124 and sleeve 120, when attached together, are mounted so that the sleeve
120 covers the unloading port 122 when the pressure differential between the interior
chamber of the bellows and the exterior surface of the bellows is zero or less than a
selected pressure differential.

A conduit 130 connects the interior chamber of the bellows 124 in fluid
communication with the interior of the housing for the first compressor 81 and therefore
in communication with the first suction port 103 which is at the suction pressure of the
first compressor 81. Therefore, the pressure differential between the opposite sides of the
bellows is the pressure differential between the suction pressure of the second compressor
and the suction pressure of the first compressor. This permits the bellows to be collapsed
and move the sleeve away from the unloading port to open the unloading port into gas
communication with the suction volume when the pressure on the exterior surface of the
bellows exceeds the pressure in the interior chamber of the bellows.

In operation, the invention uses multiple compressors to compress refrigerant and

automatically adjust to different input suction pressures by operating at a selected one of
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two compression ratios and thereby avoids an unbalanced mass flow rate. More
specifically, the dual mode compressor of the invention compresses the refrigerant in two
different compressors and in a selected one of two alternative modes. Those modes are:
(i) operating the compressors in parallel when the input suction pressure is above a
selected pressure; and (ii) operating the compressors in series when input the suction
pressure is below a selected pressure and unloading a downstream one of the compressors
by passing refrigerant back to a suction inlet of the downstream compressor during a
portion of the compression stroke of the downstream compressor for equalizing mass
flow through the two compressors.

This is accomplished by detecting a pressure differential between the input, first
suction pressure and the suction pressure of the downstream compressor and connecting a
port in a cylinder wall of the downstream compressor in fluid communication with a
suction port of the downstream compressor when the suction pressure of the downstream
compressor exceeds the input suction pressure of the upstream compressor.

While certain preferred embodiments of the present invention have been disclosed
in detail, it is to be understood that various modifications may be adopted without

departing from the spirit of the invention or scope of the following claims.
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CLAIMS

1. A dual-mode compressor apparatus for receiving and compressing a gas from a gas
supplying enclosure and discharging compressed gas into a gas receiving enclosure, the

apparatus comprising:

() a first compressor having a piston reciprocating in a cylinder between limits, the
first compressor having a first suction port connected to receive gas from the gas
supplying enclosure and having a first discharge port;

(b) a second compressor having a piston reciprocating in a cylinder between
reciprocation limits, the second compressor having a second suction port and
having a second discharge port connected to an inlet of the gas receiving
enclosure;

(c) a 3/2 way valve having an inlet connected to the first discharge port, a first outlet
connected to an inlet of the gas receiving enclosure and a second outlet connected
to the second suction port;

(d) a one way valve connected between the gas supplying enclosure and the second
suction port for permitting passage of the gas from the gas supplying enclosure
into the second suction port except when pressure at the second suction port
exceeds pressure at the gas supplying enclosure; and

(e) an unloading valve having an inlet connected in communication with an unloading
port through the cylinder of the second compressor between the reciprocation
limits and having an outlet connected to the second suction port, the unloading
valve being adapted to be closed except when pressure at the second suction port
exceeds the pressure at the first suction port, the unloading valve, when opened,
reducing the volume displacement of the second compressor in order to equalize

gas mass flow rate through the two compressors.

2. An apparatus in accordance with claim 1 wherein the unloading valve is linked to a
differential pressure actuator having two chambers, one chamber being connected in fluid

communication with the first suction port and the other chamber being connected in fluid

15



NN e R W N = AW =

AN W B W N =

WO 2006/098808 PCT/US2006/002175

communication with the second suction port, the differential actuator being biased to
close the unloading valve except when pressure at the second suction port exceeds the

pressure at the first suction port.

3. An apparatus in accordance with claim 2 wherein the gas is a refrigerant, the gas
supplying enclosure is a refrigeration evaporator and the gas receiving enclosure is a

refrigeration condenser.

4. An apparatus in accordance with claim 3 wherein a heat exchanger is interposed in
connection between the first discharge port and the second suction port for rejecting heat
from refrigerant compressed by the first compressor before being compressed by second

COompressor.

5. An apparatus in accordance with claim 3 wherein the. 3/2 way valve is manually

actuable.

6. An apparatus in accordance with claim 3 wherein a pressure or temperature sensor is
mounted to detect pressure or temperature at the first suction port, the sensor being
connected to a control and actuator for switching the 3/2 way valve, the control switching
the 3/2 way valve to a state connecting its inlet to the condenser inlet in response to a
sensed pressure or temperature above a selected value and to connect its inlet to the
second suction port in response to a sensed pressure or temperature below a selected

value.

7. An apparatus in accordance with claimy3 and further comprising a second evaporator,
the evaporators operating at different temperatures, a cooling control valve for controlling
the flow of refrigerant into each evaporator and a temperature control for controlling the
control valves and directing refrigerant into the evaporators, the temperature control being
connected to an actuator that actuates the 3/2 way valve for switching the 3/2 way valve

between its two states.

16



O O S R

LR W N =

AN W AW N e

p—

wmi B W N =

WO 2006/098808 PCT/US2006/002175

8. An apparatus in accordance with claim 1 wherein a heat exchanger is interposed in
connection between the first discharge port and the second suction port for rejecting heat
from refrigerant compressed by the first compressor before being compressed by second

compressor.

9. An apparatus in accordance with claim 1 wherein each compressor comprises a free
piston compressor having its piston driven by a linear motor and enclosed in a housing,
the suction port of each compressor being in communication with the interior of its
housing, the compressors being mounted coaxially and having a passage between their

housings, the one way valve being mounted at said passage.

10. An apparatus in accordance with claim 9 wherein the unloading valve is linked to a
differential pressure actuator having two chambers, one chamber being connected in fluid
communication with the first suction port and the other chamber being connected in fluid
communication with the second suction port, the differential actuator being biased to
close the unloading valve except when pressure at the second suction port exceeds the

pressure at the first suction port.

11. An apparatus in accordance with claim 10 wherein the gas is a refrigerant, the gas
supplying enclosure is a refrigeration evaporator and the gas receiving enclosure is a

refrigeration condenser.

12. An apparatus in accordance with claim 11 wherein the 3/2 way valve is manually

actuable.

13. An apparatus in accordance with claim 1 wherein the unloading valve comprises;
(a) an annular sleeve sealingly surrounding the cylinder of the second compressor
and slidable to alternatively cover and uncover the unloading port;
(b) an annular bellows sealingly attached at one end to the annular sleeve and

sealingly attached at its opposite end to the cylinder of the second compressor to
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form an interior chamber, the bellows having an exterior surface in fluid
communication with second suction port, the attached bellows and sleeve being
mounted with the sleeve covering the unloading port when the pressure
differential between the interior chamber and the exterior surface of the bellows is
less than a selected pressure differential; and

(c) a conduit comnecting the interior chamber of the bellows in fluid
communication with the first suction port for permitting the bellows to be
collapsed and move the sleeve away from the unloading port when the pressure on

the exterior surface of the bellows exceeds the pressure of the first suction port.

14. A method for compressing refrigerant at an input suction pressure in a selected one of
two compression ratios and avoiding an unbalanced mass flow rate in order to
accommodate either of two operating conditions, the method comprising:
(a) compressing the refrigerant in two different compressors and in a selected one of
two alternative modes, the modes comprising,
(i) operating the compressors in parallel when the input suction pressure is above
a selected pressure; and
(ii) operating the compressors in series when input the suction pressure is below a
selected pressure and unloading a downstream one of the compressors by
passing refrigerant back to a suction inlet of the downstream compressor
during a portion of a compression stroke of the downstream compressor for

equalizing mass flow through the two compressors.

15. A method in accordance with claim 14 wherein the method further comprises
detecting a pressure differential between the input suction pressure and the suction
pressure of the downstream compressor and connecting a port in a cylinder wall of the
downstream compressor in fluid communication with a suction port of the downstream
compressor when the suction pressure of the downstream compressor exceeds the input

suction pressure.
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