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Description
TECHNICAL FIELD

[0001] The present invention relates to an expander
used for a refrigeration cycle apparatus (heat pump) us-
able as an air-conditioner, a water heater, and the like,
and more particularly to a heat pump using the expander.

BACKGROUND ART

[0002] A power recovery type refrigeration cycle in
which the energy of expansion of a working fluid (refrig-
erant) is recovered by an expander and the recovered
energy is made use of as a part of the work of a com-
pressor has been proposed. A refrigeration cycle that
employs a fluid machine in which an expander and a
compressor are coupled to each other by a shaft (here-
inafter also referred to as an "expander-compressor
unit") has been known as such a refrigeration cycle (see
JP 2001-116371 A).

[0003] Hereinbelow, the refrigeration cycle employing
the expander-compressor unit is described.

[0004] Fig. 12 shows the refrigeration cycle using the
conventional expander-compressor unit. In this refriger-
ation cycle, a main circuit 108 for a working fluid (refrig-
erant) is constituted by a compressor 101, a gas cooler
(radiator) 102, an expander 103, and an evaporator 104.
The compressor 101, the expander 103, and a rotation
motor 106 are coupled to each other by a shaft 107 to
form an expander-compressor unit. The refrigerant cir-
cuit is provided with a sub-circuit 109 in addition to the
main circuit 108. The sub-circuit 109 branches from the
main circuit 108 at the outlet side of the gas cooler 102
and merges with the main circuit 108 at the inlet side of
the evaporator 104. The working fluid that passes
through the main circuit 108 is expanded at the expander
103, and the working fluid that passes through the sub-
circuit 109 is expanded by an expansion valve 105.
[0005] The working fluid is compressed in the com-
pressor 101 to convert from a low temperature, low pres-
sure state to a high temperature, high pressure state,
and thereafter is cooled in the gas cooler 102 to convert
toalowtemperature, high pressure state. Then, the work-
ing fluid is expanded in the expander 103 or the expan-
sion valve 105 to a low temperature, low pressure state
(gas-liquid two phase) and is heated at the evaporator
104 to return to a low temperature, low pressure state
(vapor phase). The expander 103 recovers the energy
of expansion of the working fluid and converts it into ro-
tation energy for the shaft 107. This rotation energy is
utilized as a part of the work for driving the compressor
101. As a result, the power driving the rotation motor 106
can be reduced.

[0006] Here, the operation of the refrigeration cycle
when the expansion valve 105 is fully closed and the
mass flow rate of the working fluid in the sub-circuit 109
is made zero will be described below.
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[0007] The volume flow rate of the working fluid on the
inlet side of the compressor 101 and that of the expander
103 are represented as (Vcs X N) and (Ves X N), re-
spectively, wherein the suction volume of the compressor
101 is denoted as Vcs, the suction volume of the expand-
er 103 is denoted as Ves, and the rotation speed of the
shaft 107 is denoted as N. Since the mass flow rate of
the working fluid in the sub-circuit 109 is zero, the mass
flow rate in the compressor 101 and the mass flow rate
in the expander 103 are equal to each other. Where the
mass flow rate is denoted as G, the density of the working
fluid on the inlet side of the compressor 101 and the den-
sity of the working fluid on the inlet side of the expander
103 are represented as {G/(Vcs X N)} and {G/(Ves X
N)}, respectively, from the ratios of the respective volume
flow rates to mass flow rates. From these formulae, the
ratio of the density of the working fluid on the inlet side
of the expander 103 to the density of the working fluid on
the inlet side of the compressor 101 can be represented
as {G/(Vcs X N)}{G/(Ves X N)}, and thus, (Ves/Vcs),
which means that the ratio is constant.

[0008] Fig. 13 shows a Mollier diagram of the refriger-
ation cycle. In the diagram, the compression process in
the compressor 101 corresponds to the line AB, the heat
radiation process in the gas cooler 102 corresponds to
the line BC, the expansion process in the expander 103
corresponds to the line CD, and the evaporation process
in the evaporator 104 corresponds to the line DA. The
density ratio of the working fluid at point A on the inlet
side of the compressor 101 and that at point C on the
inlet side of the expander 103 is constant, (Ves/Vcs), so
the density p. at point C can be represented as (Vcs/Ves)
p0, where the density of the working fluid at point A is
po. Assuming that the density at point A is constant, in-
creasing the pressure at point C means a shift from point
C to point C’ on the line p, = (Vcs/Ves)pg. That is, it is
impossible to shift the process from point C to point C",
at which only the pressure is increased along the isother-
mal line (T =T,). Thus, the refrigeration cycle is hindered
from being controlled freely. In a refrigeration cycle, there
is an optimal high pressure at which the coefficient of
performance (COP) becomes maximum at a certain heat
source temperature (for example, see JP 2002-81766
A). Therefore, the refrigeration cycle cannot be operated
efficiently if the temperature and the pressure cannot be
controlled freely.

[0009] The constraint of the constantratio between the
density on the inlet side of the compressor 101 and the
density on the inlet side of the expander 103 is due to
the fact that the mass flow rate in the compressor 101
and thatin the expander 103 are equal to each other and
also the ratio of the volume flow rates is constant. This
constraint can be avoided by allowing a portion of the
working fluid circulating in the refrigerant circuit to flow
through the sub-circuit 109 by opening the expansion
valve 105 (see JP 2001-116371 A).

[0010] In order to avoid the constraint of the constant
density ratio in the power recovery-type heat pump em-
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ploying the conventional expander-compressor unit,
which results from the fact that the compressor and the
expander rotate at the same rotation speed, it is neces-
sary to allow the working fluid to flow in the sub-circuit
provided with an expansion valve as well as to the main
circuit provided with an expander. In this configuration,
however, the energy of expansion of the working fluid
that passes through the sub-circuit cannot be recovered.
[0011] The problem of the inefficiency in recovering
the energy of expansion of the working fluid is noticeable
in the case of using an expander-compressor unit, but
the problem also arises in the case of using a separate-
type expander, which is not coupled to a compressor by
a shaft. In the case of using a separate-type expander,
the energy of expansion of the working fluid is recovered
by a power generator connected to the expander. Since
the power generation efficiency of the power generator
becomes poorer when the rotation speed is more distant
from the rated rotation speed, itis desirable that the pow-
er generator be operated at a speed in the vicinity of the
rated rotation speed. In a refrigeration cycle, however,
the circulation amount and the density of the working fluid
change depending on the operation conditions, so it is
difficult to operate the power generator only in the vicinity
of the rated rotation speed. Thus, even in the separate-
type expander, achieving efficient recovery of the energy
of expansion of the working fluid is not easy.

DISCLOSURE OF THE INVENTION

[0012] The present invention has been accomplished
in view of the foregoing circumstances, and itis an object
of the invention to provide an expander capable of re-
covering the energy of expansion of the working fluid
efficiently. It is another object of the present invention to
provide a heat pump using the expander.

[0013] Accordingly, the present invention provides a
rotary type expander including:

a first cylinder;

a first piston disposed in the first cylinder so as to
rotate eccentrically in the first cylinder, and forming
a first working chamber between itself and the first
cylinder;

a first partition member partitioning the first working
chamber into a first suction-side space and a first
discharge-side space;

a second cylinder disposed so as to be concentric
with the first cylinder;

a second piston disposed in the second cylinder so
as to rotate eccentrically in the second cylinder, and
forming a second working chamber between itself
and the second cylinder, the second working cham-
ber having a greater volume than the first working
chamber;

a second partition member partitioning the second
working chamber into a second suction-side space
and a second discharge-side space;
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a communication passage forming a working cham-
ber, for expanding the working fluid, by permitting
the firstdischarge-side space and the second intake-
side space to communicate with each other;

a plurality of suction ports for guiding the working
fluid to the first suction-side space, comprising a first
suction port and a second suction port, the second
suction port provided with a differential pressure
valve and disposed at a position advanced from a
position of the first suction port by a predetermined
angle in a direction of rotation of the first piston; and
a control pressure passage connected to the differ-
ential pressure valve, for supplying the differential
pressure valve with a control pressure for opening
and closing the differential pressure valve.

[0014] The presentinvention also provides an expand-
er-compressor unit including an expander according to
the presentinvention, a compressor, and a shaft coupling
the expander and the compressor.

[0015] The present invention also provides a heat
pump including the expander or the expander-compres-
sor unit according to the present invention.

[0016] According to the expander of the presentinven-
tion, it is possible to adjust the timing for shifting from the
suction process for the working fluid to the expansion
process for the working fluid by opening/closing the dif-
ferential pressure valve of the second suction port. Spe-
cifically, it is possible to control the ratio of the time length
for which the expansion process is performed to the time
length for which the suction process is performed. As a
result, according to the present invention, it becomes
possible to change the foregoing ratio (Ves/Vcs), and it
is possible to avoid the constraint of constant density
ratio in, for example, a refrigeration cycle employing an
expander-compressor unit. Therefore, the energy of ex-
pansion of the working fluid can be recovered efficiently
by allowing the total amount of the working fluid to flow
into the expander.

[0017] When using the expander according to the
present invention as a separate-type expander, the ro-
tation speed of the expander can be controlled while at
the same time maintaining the amount of the working
fluid flowing into the expander. As a result, it becomes
easy to set the rotation speed of the power generator
connected to the expander in the vicinity of the rated ro-
tation speed and to maintain a high power generation
efficiency of the power generator.

BRIEF DESCRIPTION OF THE DRAWINGS
[0018]

Fig. 1is a vertical cross-sectional view illustrating an
expander-compressor unit according to a first em-
bodiment of the present invention.

Fig. 2Ais a cross-sectional view of an expander sec-
tion of the expander-compressor unit shown in Fig.



5 EP 1 953 338 A1 6

1, taken along line D1-D1 of Fig. 1.

Fig. 2B is a cross-sectional view of the expander
section of the expander-compressor unit shown in
Fig. 1, taken along line D2-D2 of Fig. 1.

Fig. 3 is a view illustrating one example of the con-
figuration of a refrigeration cycle apparatus (heat
pump) employing the expander-compressor unit
shown in Fig. 1.

Fig. 4 is a partially enlarged view illustrating the cross
section of the expander section of the expander-
compressor unit shown in Fig. 1, taken along line
D1-D1 of Fig. 1.

Fig. 5A is a view illustrating the operating principle
of the expander section of the expander-compressor
unit shown in Fig. 1.

Fig. 5B is a view illustrating the operating principle
of the expander section of the expander-compressor
unit shown in Fig. 1, along with Fig. 5A.

Fig. 6Ais a chartillustrating the relationship between
the rotation angle of the shaft and the process of the
working chamber, according to the expander section
of the expander-compressor unit shown in Fig. 1.
Fig. 6B is a chartillustrating the relationship between
the rotation angle of the shaft and the volumetric ca-
pacity of the working chamber, according to the ex-
pander section of the expander-compressor unit
shown in Fig. 1.

Fig. 7is a Mollier diagramiillustrating the refrigeration
cycle using the expander-compressor unit shown in
Fig. 1.

Fig. 8 is a P-V diagram illustrating the relationship
between the pressure and the volumetric capacity
of the working chamber, according to the expander
section of the expander-compressor unit shown in
Fig. 1.

Fig. 9 is a view illustrating the configuration of a heat
pump according to a second embodiment of the
present invention.

Fig. 10 is a graph illustrating an example of the re-
lationship between the efficiency of a power gener-
ator and the rotation speed of the power generator.
Fig. 11 is a view illustrating the configuration of a
heat pump according to a third embodiment of the
present invention.

Fig. 12 is a view illustrating the configuration of a
heat pump employing a conventional expander-
compressor unit.

Fig. 13 is a Mollier diagram of the heat pump em-
ploying the conventional expander-compressor unit.

BEST MODE FOR CARRYING OUT THE INVENTION
[0019] Hereinbelow, preferred embodiments of the

present invention are described with reference to the
drawings.
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(First Embodiment)

[0020] Fig. 1is a vertical cross-sectional view illustrat-
ing an expander-compressor unit according to a first em-
bodiment of the present invention. Fig. 2A is a horizontal
cross-sectional view of an expander section of the ex-
pander-compressor unit shown in Fig. 1, taken along line
D1-D1 of Fig. 1. Fig. 2B is a horizontal cross-sectional
view of the expander section of the expander-compres-
sor unit, taken along line D2-D2.

[0021] An expander-compressor unit according to the
presentembodimentincludes a closed casing 11, a scroll
type compressor section 1 disposed in an upper portion
of the closed casing, a two-stage rotary expander section
3 disposed in a lower portion of the closed casing, a ro-
tation motor 6 disposed between the compressor section
1 and the expander section 3 and having a rotor 6a and
a stator 6b, and a shaft 7 for coupling the compressor
section 1, the expander section 3, and the rotation motor
6 to one another.

[0022] The scroll type compressor section 1 has a sta-
tionary scroll 21, an orbiting scroll 22, an Oldham ring
23, a bearing member 24, a muffler 25 (silencer), a suc-
tion pipe 26, and a discharge pipe 27. The orbiting scroll
22 is fitted to an eccentric shaft 7a of the shaft 7 and its
self rotation is restrained by the Oldham ring 23. The
orbiting scroll 22, which has a vortex-shaped lap 22a
meshing with a lap 21a of the stationary scroll 21, scrolls
in association with the rotation of the shaft 7. A crescent-
shaped working chamber 28 formed between the laps
21aand 22a moves from outside to inside so as to reduce
its volumetric capacity, thereby compressing the working
fluid sucked from the suction pipe 26. The compressed
working fluid passes through a discharge port 21b pro-
vided at the center of the stationary scroll 21, an internal
space 25a of the muffler 25, and a flow passage 29 pen-
etrating through the stationary scroll 21 and the bearing
member 24, in that order. The working fluid is then dis-
charged to an internal space 11a of the closed casing
11. While the working fluid discharged to the internal
space 11a is remaining in the internal space 11a, the
lubricating oil mixed in the working fluid is separated from
the working fluid by gravitational force or centrifugal
force, and thereafter, the working fluid is discharged from
the discharge pipe 27 to the refrigeration cycle.

[0023] The two-stage rotary expander section 3 in-
cludes a first cylinder 41, a second cylinder 42 having a
greater thickness than the first cylinder 41, and an inter-
mediate plate 43 for separating these cylinders 41 and
42. The first cylinder 41 and the second cylinder 42 are
disposed concentrically with each other. The expander
section 3 further includes a first piston 44, a first vane
46, a first spring 48, a second piston 45, a second vane
47, and a second spring 49. The first piston 44 is fitted
to an eccentric portion 7b of the shaft 7 to perform ec-
centric rotational motion in the first cylinder 41. The first
vane 46 is retained freely reciprocably in a vane groove
41a (see Fig. 2A) of the first cylinder 41 and is in contact
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with the first piston 44 at one end. The first spring 48 is
in contact with the other end of the first vane 46 and
pushes the first vane 46 toward the first piston 44. The
second piston 45 is fitted to an eccentric portion 7¢ of the
shaft 7 to perform eccentric rotational motion in the sec-
ond cylinder 42. The second vane 47 is retained freely
reciprocably in a vane groove 42a (see Fig. 2B) of the
second cylinder 42 and in contact with the second piston
45 at one end. The second spring 49 is in contact with
the other and of the second vane 47 and pushes the
second vane 47 toward the second piston 45.

[0024] The expander section 3 further includes an up-
per end plate 50 and a lower end plate 51 that are dis-
posed so as to sandwich the first and second cylinders
41,42 and the intermediate plate 43. The upper end plate
50 and the intermediate plate 43 sandwiches the first
cylinder 41 from the top and bottom, and the intermediate
plate 43 and the lower end plate 51 sandwiches the sec-
ond cylinder 42 from the top and bottom. Sandwiching
the first cylinder 41 and the second cylinder 42 by the
upper end plate 50, the intermediate plate 43, and the
lower end plate 51 forms working chambers, the volu-
metric capacities of which vary according to the rotations
of the pistons 44 and 45, in the first cylinder 41 and the
second cylinder42. The upper end plate 50 and the lower
end plate 51 also function as bearing members for re-
taining the shaft 7 rotatably, together with the bearing
member 24 of the compressor section 1. Like the com-
pressor section 1, the expander section 3 is furnished
with a muffler 52, a suction pipe 53, and a discharge pipe
(not shown).

[0025] Asillustrated in Figs. 2A and 2B, a suction-side
working chamber 55a (first suction-side space) and a dis-
charge-side working chamber 55b (first discharge-side
space), which are demarcated by the first piston 44 and
the first vane 46, are formed in the first cylinder 41. Like-
wise, a suction-side working chamber 56a (second suc-
tion-side space) and a discharge-side working chamber
56b (second discharge-side space), which are demar-
cated by the second piston 45 and the second vane 47,
are formed in the second cylinder 42. The total volumetric
capacity of the two working chambers 56a and 56b in the
second cylinder 42 is greater than the volumetric capacity
of the two working chambers 55a and 55b in the first
cylinder 41. The discharge-side working chamber 55b of
the first cylinder 41 and the suction-side working chamber
56a of the second cylinder 42 are in communication with
each other through a communication port 43a provided
in the intermediate plate 43, so they can function as a
single working chamber (expansion chamber). A high
pressure working fluid flows into the working chamber
55a, and thereafter, it expands and reduces its pressure
in the working chamber formed by the working chamber
55b and the working chamber 56a while rotating the shaft
7. Then, itis discharged from a discharge port 51a, which
is provided in the lower end plate 51 so as to communi-
cate with the working chamber 56b. The working fluid
that has been discharged from the discharge port 51a
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runs through an internal space 52a of the muffler 52 and
a flow passage 57 penetrating the first and second cyl-
inders 41 and 42 in that order, and then is discharged
from the discharge pipe to the refrigeration cycle.
[0026] As illustrated in Fig. 2B, a discharge valve 82
is installed at the discharge port 51a provided in the lower
end plate 51. The discharge valve 82 is made of, for ex-
ample, a metal thin plate and is disposed so as to close
the discharge port 51a from the internal space 52a side
of the muffler 52. The discharge valve 82 is a differential
pressure valve that opens when the pressure in the up-
stream side (i.e., the working chamber 56b side of the
discharge-side of the second cylinder 42) becomes high-
er than the pressure in the downstream side (i.e., the
internal space 52a side of the muffler 52). The discharge
valve 82 has the function to prevent overexpansion of
the working fluid in the expander section 3.

[0027] In the expander section 3, the working fluid is
sucked into the working chamber 55a at least through a
first suction port 71 being in communication with the suc-
tion pipe 53. In addition to the first suction port 71, the
expander section 3 further has a second suction port 73,
a third suction port 75, and a fourth suction port 77, serv-
ing as the suction ports for guiding the working fluid to
the suction-side working chamber 55a of the first cylinder
41. The second suction port 73, the third suction port 75,
and the fourth suction port 77 are provided at positions
advanced from the position of the first suction port 71 by
a predetermined angle in a direction of rotation of the
pistons 44 and 45. These additional suction ports 73, 75,
and 77 are provided with differential pressure valves 72,
74, and 76 so that the opening and closing of them are
controlled by these valves 72, 74, and 76. The differential
pressure valves 72, 74, and 76 have respective plungers
72b, 74b, and 76b and respective springs 72c, 74c, and
76c¢.

[0028] Specifically, in the present embodiment, the dif-
ferential pressure valves 72, 74, and 76 are disposed
within the first cylinder 41 and between an outer circum-
ferential surface of the first cylinder and an inner circum-
ferential surface of the first cylinder 41. It is possible to
inhibit the size increase of the expander section 3 that
may caused by providing the differential pressure valves
72,74,and 76, and also, it is easy to design the expander
section 3. It is also possible that the second suction port
73, the third suction port 75, and the fourth suction port
77 may be provided in the upper end plate 50, in which
case the differential pressure valves 72, 74, and 76 may
also be disposed within the upper end plate 50.

[0029] The plungers 72b, 74b, and 76b are disposed
respectively in grooves 72a, 74a, and 76a, which are in
communication with the working chamber 55a, so that
they can reciprocate freely along the grooves 72a, 74a,
and 76a. The grooves 72a, 74a, and 76a are formed in
thefirst cylinder 41 so as to connect the working chamber
55a to pressure pipes 78, 79, and 80. One end of each
of the springs 72c, 74c, and 76c is fitted to each of the
end faces of the grooves 72a, 74a, and 76a on the sides
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of the pressure pipes 78, 79, and 80, and the other end
thereof is in contact with each of the end faces of the
plungers 72b, 74b, and 76b. The springs 72c, 74c, and
76c¢ are contracted and squeezed into the grooves 72a,
74a, and 76a so that they can keep the pushing force
applied to the plungers 72b, 74b, and 76b even when the
plungers 72b, 74b, and 76b occupy the positions closest
to the working chamber 55a.

[0030] The pressure pipes 78, 79, and 80, which are
connected to the differential pressure valves 72, 74, and
76, serve the role of control pressure passage for sup-
plying a control pressure for opening and closing the dif-
ferential pressure valves 72, 74, and 76 to the differential
pressure valves 72, 74, and 76. The control pressure to
be supplied to the differential pressure valves 72, 74, and
76 is equal to the pressure (P1) of the working fluid before
expansion or the pressure (P2) of the working fluid after
expansion. A control pressure equal to one of the pres-
sure (P1) and the pressure (P2) is supplied selectably to
the differential pressure valves 72, 74, and 76 through
the pressure pipes 78, 79, and 80. The differential pres-
sure valves 72, 74, and 76 close at least when the control
pressure is equal to the pressure (P1), and the differential
pressure valves 72, 74, and 76 open at least when the
control pressure is equal to the pressure (P2). Thereby,
the opening and closing of the differential pressure valves
72,74, and 76 can be controlled easily.

[0031] The expander section 3 further includes: a the
main passage 90 for guiding the working fluid to the first
suction port 71; and a sub-passage 81 branching from
the main passage 90 and provided along the outer cir-
cumference of the working chamber 55a of the first cyl-
inder 41 in an arc-like shape, for guiding the working fluid
to the second, third, and fourth suction ports 73, 75, and
77. By providing the main passage 90 and the sub-pas-
sage 81 in this way, the working fluid to be expanded can
be guided from the suction pipe 53 to each of the second,
third, and fourth suction ports 73, 75, and 77 at substan-
tially the shortest distance, and an increase in the pres-
sure loss can be prevented.

[0032] Specifically, the main passage 90 for guiding
the working fluid from the suction pipe 53 to the first suc-
tion port 71 and the sub-passage 81 for guiding the work-
ing fluid from the suction pipe 53 to the differential pres-
sure valves 72, 74, and 76 are formed in the upper end
plate 50 as a bearing member. The sub-passage 81 ex-
tends in the upper end plate 50 and along the outer cir-
cumference of the working chamber 55a of the first cyl-
inder 41 in an are-like shape, to bring the suction pipe
53 and the grooves 72a, 74a, and 76a in communication
with one another.

[0033] Thus, in the present embodiment, the differen-
tial pressure valves 72, 74, and 76 include (a) the grooves
72a, 74a, and 76a following the suction ports 73, 75, and
77 and extending outwardly in a radial direction of the
first cylinder 41 so that at least a portion thereof overlaps
with the sub-passage 81 regarding the axis direction of
the shaft 7, and (b) plungers disposed in the grooves
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72a, 74a, and 76a and being capable of reciprocating
between two positions, one position being an open po-
sition for permitting the working fluid to flow through the
sub-passage 81 to the suction ports 73, 75, and 77 from
the main passage 90 and the other position being a close
position for prohibiting the working fluid from flowing
through the sub-passage 81 to the second suction port
73, 75, and 77 from the main passage 90. The recipro-
cating motion of the plungers is controlled by the control
pressure. Thus, the working fluid can be guided from
each of the second, third, and fourth suction ports 73,
75, and 77 to the suction-side working chamber 55a of
the first cylinder 41.

[0034] In the present embodiment, the main passage
90 and the sub-passage 81 are provided in the upper
end plate 50 as a bearing member that closes an end
face of the first cylinder 41 on an opposite side to the
side where the second cylinder 42 is positioned and sup-
ports the shaft 7 for rotating the first piston 44 and the
second piston 45. The upper end plate 50 has a greater
degree of freedomin shape and size than the first cylinder
41, so it is easy to provide the main passage 90 and the
sub-passage 81 therein and connect the suction pipe 53
to the main passage 90. Of course, the main passage 90
and the sub-passage 81 as described above may be pro-
vided in the first cylinder 4 1. Alternatively, one of the main
passage 90 and the sub-passage 81 may be provided in
the first cylinder 41 while the other one is provided in the
upper end plate 50.

[0035] When the plungers 72b, 74b, and 76b are
pressed from the working chamber 55a side and move
backward to the sides of the pressure pipes 78, 79, and
80, the differential pressure valves 72, 74, and 76 are
opened and the working fluid is sucked also from the
suction ports 73, 75, and 77 into the working chamber
55a. When the plungers 72b, 74b, and 76b are pressed
from the sides of the pressure pipes 78, 79, and 80 and
move forward to the working chamber 55a side, the dif-
ferential pressure valves 72, 74, and 76 are closed and
the working fluid is sucked only from the first suction port
71 into the working chamber 55a. The diameter of the
suction ports 73, 75, and 77 is designed to be smaller
than the diameter of the plungers 72b, 74b, and 76b so
that the plungers 72b, 74b, and 76b do not jut out into
the working chamber 55a.

[0036] The first suction port 71 and the second, third,
and fourth suction ports 73, 75, and 77 are formed in an
inner side wall inside the first cylinder 41. As has been
mentioned previously, the suction ports 71, 73, 75, and
77 be formed in the upper end plate 50 adjoining the first
cylinder 41 because itis sufficient that they face the work-
ing chamber 55a of the first cylinder 41. The first suction
port 71 is formed at the position where ¢ = 20° apart from
the first vane 46 in the direction of rotation of the shaft 7
(clockwise in Fig. 2A) with respect to the central axis 70
of the shaft 7. According to the same manner of repre-
sentation, the second suction port 73, the third suction
port 75, and the fourth suction port 77 are formed at the
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positions where ¢ =90°, ¢ = 135°, and ¢ = 1.50°, respec-
tively. The angle ¢ that represents the position of the
suction port by the foregoing manner is, more precisely,
an angle formed by a first linear line 70a and a second
linear line when the first linear line 70a is rotated to the
second linear line in the direction of rotation of the shaft
7, taking the central axis 70 being the center of rotation.
The first line is a line that connects the central axis 70 of
the shaft 7 with the contact point between the first vane
46 and the first piston 44. The second linear line is a line
that connects a second suction port with the central axis
70 of the shaft 7 (e.g., the linear line 70b in the case of
the second suction port 73). The second, third, and fourth
suction ports 73, 75, and 77 are formed at positions where
angle ¢ is greater than that of the first suction port 71, in
other words at downstream-side positions.

[0037] The pressure in the working chamber 55a is
applied to each of one end faces (the end faces nearer
the working chamber 55a) of the plungers 72b, 74b, and
76b, whereas the pressures in the pressure pipes 78, 79,
and 80 and the pressure resulting from the pushing forces
of the springs 72c, 74c, and 76¢ are applied to the other
end faces (the end faces distant from the working cham-
ber 55a). The positions of the plungers 72b, 74b, and
76b in the grooves 72a, 74a, and 76a, in other words,
the opening and closing of the differential pressure valves
72,74, and 76, are determined by the balance between
these pressures and the pushing forces. For example,
when the pressure in the working chamber 55a and the
pressures in the pressure pipes 78, 79, and 80 are equal
to each other, the plungers 72b, 74b, and 76b move for-
ward by the pushing forces of the springs 72c¢, 74c, and
76c¢, closing the differential pressure valves 72, 74, and
76. On the other hand, when the pressure in the working
chamber 55a exceeds the total of the pressures in the
pressure pipes 78, 79, and 80 and the pushing forces of
the springs 72c, 74c, and 76c¢, the plungers 72b, 74b,
and 76b move backward by the pressure in the working
chamber 55a, opening the differential pressure valves
72, 74, and 76. By making use of this, the opening and
closing of the differential pressure valves 72, 74, and 76
can be controlled individually when the pressures in the
pressure pipes 78, 79, and 80 are controlled individually.
[0038] Itis preferable to use the pressure of a working
fluid that circulates in the heat pump while shifting from
a high pressure state to a low pressure state, or vice
versa, as the control pressure for controlling the opening
and closing of the differential pressure valves 72, 74, and
76. Hereinbelow, an embodiment in which the opening
and closing of the differential pressure valves 72, 74, and
76 are controlled by the pressure of the working fluid will
be described.

[0039] Fig. 3 illustrates the configuration of a power
recovery type refrigeration cycle apparatus (heat pump)
employing a expander-compressor unit according to the
present embodiment. In addition to the expander-com-
pressor unit, this apparatus includes a gas cooler (radi-
ator) 2 and an evaporator 4, and further includes pipes
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8 that connect the compressor section 1, the gas cooler
2, the expander section 3, and the evaporator 4 so that
the working fluid flows therethrough in that order.
[0040] A high pressure pipe 83 is connected to the
pipes 8 at a portion thereof through which a high pressure
working fluid (that is, the working fluid that has been dis-
charged from the compressor section 1 but has not yet
flowed into the expander section 3) passes, specifically
at a portion between the gas cooler 2 and the expander
section 3. In addition, alow pressure pipe 84 is connected
to the pipes 8 at a portion thereof through which a low
pressure working fluid (that is, the working fluid that has
been discharged from the expander 3 but has not yet
flowed into the compressor section 1) passes, specifically
at a portion between the expander section 3 and the
evaporator 4. The high pressure pipe 83 and the low pres-
sure pipe 84 are branched and connected to switching
valves (three-way valves) 85, 86, and 87 respectively.
The switching valves (three-way valves) 85, 86, and 87
also are connected respectively to the pressure pipes
78, 79, and 80. The pressure pipes 78, 79, 80, the high
pressure pipe 83, the low pressure pipe 84, and the
switching valves 85, 86, and 87 together constitute a con-
trol pressure passage that supplies a control pressure
for opening and closing the differential pressure valves
72,74, and 76 to the differential pressure valves 72, 74,
and 76.

[0041] By switching the switching valves 85, 86, and
87, the high pressure pipe 83 or the low pressure pipe
84 can be connected to the pressure pipes 78, 79, and
80. Thus, a high pressure or a low pressure of the refrig-
eration cycle is supplied to the pressure pipes 78, 79,
and 80. In the example shown in Fig. 3, the switching
valve 85 connects the pressure pipe 78 to the low pres-
sure pipe 84, and the switching valves 86 and 87 respec-
tively connect the pressure pipes 79 and 80 to the high
pressure pipe 83. In this state, a low pressure equal to a
discharge pressure Ped of the expander section 3 is ap-
plied to the plunger 72b of the differential pressure valve
72 through the pressure pipe 78, and a high pressure
equal to a suction pressure Pes of the expander section
3is applied to the plungers 74b and 76b of the differential
pressure valves 74 and 76 through the pressure pipes
79 and 80.

[0042] The cross-sectional view of Fig. 4 also shows
the pressures applied to the plungers 72b, 74b, and 76b
of the differential pressure valves 72, 74, and 76 when
the switching valves 85, 86, and 87 are set in the just-
described manner. The working fluid with a suction pres-
sure Pes is sucked into the working chamber 55a. As a
result, the plunger 72b moves backward, reflecting the
difference between the suction pressure Pes and the dis-
charge pressure Ped (Pes > Ped), and correspondingly
the differential pressure valve 72 opens, whereby the
working fluid is sucked from the second suction port 73
into the working chamber 55a. On the other hand, the
plungers 74b and 76b are pressed forward by the pushing
forces of the springs 74c and 76¢ since the same pres-
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sure Pes is applied to the opposite end faces of the plung-
ers 74b and 76b, whereby the differential pressure valves
74 and 76 are in a closed state. Therefore, the working
fluid is not sucked into the working chamber 55a from
the third suction port 75 and the fourth suction port 77.
[0043] As is clear from the foregoing description, the
pressure Psp resulting from pushing forces of the springs
72c, 74c, and 76¢ is set to be smaller than the difference
between the pressure Pes and the pressure Ped (i.e.,
Psp < (Pes-Ped)). In addition, the pressure Psp resulting
from pushing forces of the springs 72c, 74c, and 76c¢ is
set at a level that is sufficient for the differential pressure
valves 72, 74, and 76 to close the plungers 72b, 74b, and
76b when the pressure difference that may be caused
by other pressures becomes zero.

[0044] As described above, the pressures in the back
side spaces of the plungers 72b, 74b, and 76b of the
differential pressure valves 72, 74, and 76 can be
switched by merely adding the three-way valves 85, 86,
and 87 and the pipes 83 and 84 as shown in Fig. 3 to the
basic configuration of the refrigeration cycle apparatus.
[0045] It should be noted that in the configuration
shown in Fig. 3, the working fluid does not flow directly
from the high pressure pipe 83 to the low pressure pipe
84 because the three-way valves 85, 86, and 87 are dis-
posed between the high pressure pipe 83 and the low
pressure pipe 84. Therefore, all the working fluid circu-
lating in the refrigeration cycle passes through the ex-
pander section 3.

[0046] Whenthe differential pressure valves are driven
in the above-described manner, the need for actuators
for driving the differential pressure valves is eliminated.
It may be possible to drive the differential pressure valves
using actuators such as represented by electric actua-
tors, the use of actuators necessitates enlargement of
the volume of the closed casing 11, resulting in an in-
crease in the size of the overall apparatus. Moreover, in
order to use electric actuators in a high temperature, high
pressure working fluid, it is necessary to prevent deteri-
oration of the insulating resin caused by permeation of
the working fluid into the resin, which leads to deteriora-
tion in reliability. Therefore, the manufacturing costs in-
crease significantly since off-the-shelf products cannot
be used therefor. Particularly when carbon dioxide is
used as the working fluid, the working fluid permeates
into the resin considerably, promoting the deterioration,
because the interior of the closed casing 11 reaches a
pressure of 100 atm or higher and atemperature of 100°C
or higher and also the carbon dioxide assumes a super-
critical state.

[0047] For that reason, as the differential pressure
valve, it is recommended to use such a differential valve
as described above thatis opened and closed by a control
pressure applied thereto in such a manner that the dif-
ferential pressure valve closes at least when the control
pressure is equal to the pressure of the working fluid to
be sucked into the working chamber and the differential
pressure valve opens at least when the control pressure
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is equal to the pressure of the working fluid discharged
from the working chamber. More specifically, it is suitable
to use a differential pressure valve including a plunger
having one end face to which the pressure in the working
chamber is applied and another end face to which the
control pressure is applied, and a spring for pushing the
plunger toward the working chamber side, as described
above. This differential pressure valve is compactin size,
simple in structure, and has high reliability. In addition,
when at least a portion of the interior wall of the working
chamber is formed by a cylinder and a piston that rotates
eccentrically inthe cylinder, itis advantageous to dispose
the differential pressure valve within the cylinder in terms
of size reduction of the apparatus.

[0048] Figs. 5A and 5B show views illustrating opera-
tion principles of the first cylinder 41 and the second cyl-
inder42. Figs. 5A and 5B show the states of the cylinders
41 and 42 at each 45° of rotation angle 6 of the shaft 7.
Here, the rotation angle 6 of the shaft 7 is represented
as 0° when the contact point between the first cylinder
41 and the first piston 44 is positioned at the first vane
46, i.e., when the contact point is at what is called the
top dead center. The forward direction refers to the di-
rection of rotation of the shaft 7, which is the clockwise
direction.

[0049] The expander section 3 carries out 1 cycle that
is from a suction process to a discharge process while
the shaft 7 rotates 3 times. Therefore, in Figs. 5A and
5B, the rotation angle 6 is denoted using an integer n (n
=0, 1, 2). Figs. 5A and 5B show the operation principle
in the state in which the second suction port 73 is open
while the third suction port 75 and the fourth suction port
77 are closed, as has been described with reference to
Fig. 3.

[0050] The cycle starts from 6 = 0° at the first turn (n
= 0) of the pistons 44 and 45. When the contact point
between the first cylinder 41 and the first piston 44 passes
thefirst suction port 71 at 8 = 20° (not shown), the working
chamber 55a and the first suction port 71 are brought
into communication with each other, and a suction proc-
ess starts. When the contact point between the first cyl-
inder 41 and the first piston 44 passes the second suction
port 73 at 8 = 90°, the working chamber 55a and the
second suction port 73 are brought into communication
with each other, and the working fluid flows into the work-
ing chamber 55a from the first suction port 71 and the
second suction port 73 thereafter. The working chamber
55a is brought into communication with the third suction
port 75 at 6 = 135° and the fourth suction port 77 at 6 =
180°, but these suction ports 75 and 77 are kept closed
by the differential pressure valves 74 and 76.

[0051] Asthe angle 6 increases, the volumetric capac-
ity of the working chamber 55a increases. After 6 = 360°,
at which the second turn (n = 1) starts, the working cham-
ber 55a changes into the working chamber 55b, and the
working chamber 55b is brought into communication with
the working chamber 56a of the second cylinder 42 via
the communication port 43a, forming a single working
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chamber. As the shaft 7 rotates further, the contact point
between the first cylinder 41 and the first piston 44 passes
the first suction port 71 at 6 = 380° (not shown), and the
communication between the working chamber 55b and
the first suction port 71 is broken. In the conventional
two-stage rotary expander, the suction process finishes
at this point because the second suction port 73 is not
provided.

[0052] In contrast, in the present embodiment, the
working fluid continues to flow in from the second suction
port 73 even after the first suction port 71 is closed. Then,
atthe stage where the angle reaches 6 =450°, the contact
point between the first cylinder 41 and the first piston 44
passes the second suction port 73, so the communication
between the working chamber 55b and the second suc-
tion port 73 is broken. The suction process finishes at
this point.

[0053] When the suction process is completed, an ex-
pansion process for the working fluid is started. As the
shaft 7 rotates further, the volumetric capacity of the
working chamber 55b reduces, but the volumetric capac-
ity of the working chamber 56a increases at a greater
rate because the second cylinder 42 is axially higher and
therefore has a greater volumetric capacity than the first
cylinder 41. As aresult, the total of the volumetric capac-
ities of the working chamber 55b and the working cham-
ber 56a increases, and the working fluid expands. When
the angle 6 reaches 6= 700° (not shown), the contact
point between the second cylinder 42 and the second
piston 45 passes the discharge port 51a and the working
chamber 56a is brought into communication with the dis-
charge port 51a. The expansion process finishes at this
point.

[0054] When the expansion process is completed, a
discharge process for the working fluid is started. When
6 =720°, at which the third turn (n = 2) starts, the working
chamber 55b of the first cylinder 41 disappears, and the
working chamber 56a of the second cylinder 42 changes
into the working chamber 56b. As the shaft 7 rotates fur-
ther, the volumetric capacity of the working chamber 56b
reduces, and the working fluid is discharged from the
discharge port 51a. When 6 = 1080°, the working cham-
ber 56b disappears, and the discharge process finishes.
[0055] Asisclearfrom the foregoing description, a suc-
tion process is completed and an expansion process is
started at the point when the contact point between the
first cylinder 41 and the first piston 44 passes the most
downstream one of the suction ports that are open,
among the plurality of suction ports 71, 73, 75, and 77,
for the second time.

[0056] Fig. 6A illustrates the relationship between the
shaft rotation angles 6 and the shift time points for the
processes from the suction process to the discharge
process, in the cases that the most downstream suction
port that is open is the first suction port 71, the second
suction port 73, the third suction port 75, or the fourth
suction port 77. As shown in Fig. 6A, when a more down-
stream suction port, i.e., a suction port with a greater
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angle ¢, is open, the timing for shifting from the suction
process to the expansion process is later, so the suction
process becomes longer while the expansion process
becomes shorter. In other words, the ratio of the time
length for which the expansion process is performed to
the time length for which the suction process is performed
is smaller.

[0057] Fig. 6B illustrates the relationship between the
rotation angle 6 of the shaft 7 and the volumetric capacity
of the working chamber. As the working fluid moves
through the working chamber 55a, the working chamber
55b, the working chamber 56a, and the working chamber
56b in that order, the volumetric capacity of the working
chamber changes in a sine wave-like curve during that
process. Suction volumes Vesk (where the suffix "k" is a
number from (1) to (4)), which are the volumetric capacity
of the working chamber at the end of the suction process
for (1) to (4) in Fig. 6A, and a discharge volume Ved,
which is the volumetric capacity of the working chamber
at the start of the discharge process, are indicated on the
vertical axis of the graph. The suction volume Vesk in-
creases when a more downstream suction port is
opened, but the discharge volume Ved is constant irre-
spective of the angle ¢.

[0058] Thus, the present embodiment makes it possi-
ble to select the suction volume Vesk from four levels by
providing the second suction port 73, the third suction
port 75, the fourth suction port 77 having the differential
pressure valves 72, 74, and 76 respectively in addition
to the first suction port 71 as provided in the conventional
two-stage rotary expander section 3. This makes it pos-
sible to control the density ratio (Vcs/Vesk) of the working
fluid on the inlet side of the compressor section 1 and
that of the expander section 3.

[0059] Fig. 7 illustrates a Mollier diagram of the refrig-
eration cycle employing the expander-compressor unit
of the present embodiment. Since the density ratio can
be selected, point C, which corresponds to the state on
the inlet side of the two-stage rotary expander section 3
can be shifted to a point selected from points C4, Cy, Cs,
and C,, by changing only the pressure along the isother-
mal line (T = 35°C in the example shown in the figure).
Thus, the temperature and pressure on the inlet side of
the two-stage rotary expander section 3 can be controlled
in this way. As a result, it becomes possible to operate
the refrigeration cycle with such a high efficiency as has
been impossible with the refrigeration cycle employing
the conventional expander-compressor unit.

[0060] In the present embodiment, the number of the
differential pressure valves has been described as 4.
However, the number of k may be selected from any
number equal to or greater than 2 as appropriate.
[0061] Whenthe numberofkis 2, in other words, when
the first suction port 71 and the second suction port 73
having a differential pressure valve are provided, the
foregoing density ratio (Vcs/Vesk) can be varied between
two levels, by controlling the differential pressure valve
to select the ratio of the time length for the expansion
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process to the time length for the suction process from
a ratio R1 (the ratio in the case that the working fluid is
sucked only from the first suction port 71) and a ratio R2
(the ratio in the case that the working fluid is sucked from
both the first suction port 71 and the second suction port
73).

[0062] In other words, it is possible that a time length
t2 of a suction process in which the working fluid is sucked
into the working chamber 55a of the first cylinder 41 from
the first suction port 71 and the second suction port 73
by opening the differential pressure valve 72 may be
made greater than a time length t1 of a suction process
in which the working fluid is sucked into the working
chamber 55a only from first suction port 41 by closing
the differential pressure valve 72.

[0063] Ifitis necessary to select the density ratio to a
larger number of levels, the number of k may be in-
creased by providing a greater number of suction ports,
each having a differential pressure valve. For example,
along with the first suction port 71 and the second suction
port 73 with a differential pressure valve, the third suction
port 75 with a differential pressure valve may further be
provided at a more downstream position from the second
suction port 73. In this case, a ratio R3 of the length of
an expansion process for the working fluid to the length
of a suction process for the working fluid into the working
chamber in which the working fluid is sucked into the
working chamber 55a from the first suction port 71, the
second suction port 73, and the third suction port 75 by
opening the differential pressure valves of the second
suction port 73 and third suction port 75, is smaller than
the foregoing ratios R1 and R2 (i.e., R3 <R2 <R1). Thus,
the density ratio (Vcs/Vesk) can be varied in three levels.
[0064] In other words, it is possible that a length t3 of
a suction process in which the working fluid is sucked
from the first suction port 71, the second suction port 73,
and the third suction port 75 to the working chamber 55a
by opening the differential pressure valves 72 and 74 of
the second suction port 73 and the third suction port 75
may be made greater than the foregoing length t2.
[0065] Next, the effect obtained by providing the dis-
charge valve 82 for the discharge port 51a will be de-
scribed below. Fig. 8 illustrates the relationship (P-V di-
agram) between the pressure and the volumetric capac-
ity of the working chamber. The number suffixed to each
symbol in the figure indicates the number of the most
downstream suction port that is open, as in the foregoing.
Point Pe denotes the start of an expansion process, point
S¢ denotes the end of an expansion process, and point
T denotes the start of a discharge process. It should be
noted that inflection point Q¢ originating from a phase
change is shown in the middle of each expansion process
since it is assumed here that the refrigeration cycle uses
carbon dioxide as the working fluid.

[0066] As the downstream suction port opens and the
suction volume Vesk becomes greater, the volumetric
capacity ratio (= Ved/Vesk) before and after the expan-
sion process becomes smaller and the pressure Pedk at
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the end of the expansion process becomes higher, be-
cause the discharge volume Ved is constant. For this
reason, when, for example, the suction ports 73, 75, and
77 provided with the differential pressure valves are dis-
posed in the range up to 180° as represented by angle
o, itis desirable that the expander section 3 be designed
in such a manner that the pressure Ped,, which is the
pressure at the end of the expansion process when the
angle ¢ is the maximum angle 180°, is lower than the low
pressure Ped of the refrigeration cycle to prevent under-
expansion. The reason is that if underexpansion occurs,
part of the energy originating from the pressure difference
of the working fluid cannot be recovered.

[0067] Insuch adesign, overexpansion occurs atleast
in the case that the angle ¢ is set at 180° or less. The
overexpansion refers to a phenomenon in which the pres-
sure Pedk becomes lower than the low pressure Ped in
the refrigeration cycle. If the overexpansion takes place,
overexpansion loss occurs in the discharge process be-
cause the working fluid needs to be pushed out from the
discharge port 51ato the internal space 52a of the muffler
52, inwhich the pressure s higher than thatin the working
chamber 56b. The degree of the overexpansion loss can
be represented by the area of the triangle RoS¢T in Fig. 8.
[0068] When the discharge valve 82 is provided for the
discharge port 51a, however, recompression is carried
out in the discharge process when overexpansion RpS¢
occurs in the working chamber 56b. In the discharge
process, the volumetric capacity of the working chamber
56b reduces as the shaft 7 rotates. When the discharge
valve 82 is provided for the discharge port 51a, the dis-
charge valve 82 does not open until the pressure of the
working chamber 56b that has been reduced by overex-
pansion becomes equal to the low pressure Ped of the
refrigeration cycle, and therefore the working fluid is rec-
ompressed in the working chamber 56b. Thus, the over-
expansion loss can be prevented by providing the dis-
charge valve 82.

[0069] Hereinbelow, other features of the present em-
bodiment will be described.

[0070] In the present embodiment, the volumetric ca-
pacity ratio (Ved/Vesk) in the expansion process is made
variable in four levels by actuating the three differential
pressure valves 72, 74, and 76. However, only two levels
of control pressures Pes and Ped are required for the
controlling of the four levels. In order to create multi-level
control pressures, a complicated mechanism for produc-
ing pressures is necessary. Moreover, in a transition pe-
riod such as at the start-up of the refrigeration cycle or
at a change in operation conditions, the pressure of the
working chamber 55a of the expander section 3 changes
abruptly, and the control pressure needs to be adjusted
accordingly. If the control pressure is set to be constant
in the case that the controlling is carried out relying on
the level of the control pressure, the polarity of the pres-
sure difference may reverse in the transition period as
mentioned above, and the differential pressure valves
72, 74, and 76 may fail to function properly. In contrast,
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the present embodiment enables stable controlling be-
cause the control pressure also changes in a self-aligned
manner in the transition periods.

[0071] Thus, it is recommended that the heat pump
should be configured to include an expander described
in the present embodiment and further include: a com-
pressor; a high pressure pipe in which a high pressure
working fluid compressed by the compressor flows; a low
pressure pipe in which a low pressure working fluid ex-
panded in the expander flows; a pressure pipe for sup-
plying the control pressure to the differential pressure
valve; and a switching valve connected to the pressure
pipe, the high pressure pipe, and the low pressure pipe;
and wherein, by switching the switching valve, a pressure
of the working fluid in the high pressure pipe or a pressure
of the working fluid in the low pressure pipe is applied as
the control pressure to the differential pressure valve.
The control pressure works on the differential pressure
valve and operates the differential pressure valve in such
a manner that the differential pressure valve closes at
least when the control pressure is equal to the pressure
Pes of the working fluid to be sucked into the working
chamber, and the differential pressure valve opens at
least when the control pressure is equal to the pressure
Ped of the working fluid discharged from the working
chamber.

[0072] Inthe present embodiment, the additional suc-
tion ports 73, 75, and 77 are formed in a side wall in the
interior of the first cylinder 40, and the grooves 72a, 74a,
and 76a are formed so as to be connected to the suction
ports 73, 75, and 77. In addition, the pressure pipes 78,
79, and 80 are disposed so as to be in communication
with the grooves 72a, 74a, and 76a. As illustrated in Fig.
1, the pressure pipes 78, 79, and 80 can be disposed by
inserting them through the holes provided in the side wall
of the closed casing 11. Thus, assembling is easy, which
is advantageous in reducing manufacturing costs.
[0073] In the present embodiment, a compressor that
has a common structure, used for the refrigeration cycle
that does not employ an expander, is used as the com-
pressor section 1 since the suction volume Vesk of the
expander section 3 is made variable. For the compressor
section 1, a common structure may be used without al-
teration and therefore the development costs can be re-
duced.

[0074] When using the expander-compressor unit of
the present embodiment, the suction volume Veso can
be adjusted according to the operation conditions while
the circulation amount of the working fluid in the refrig-
eration cycle is being controlled by the rotation speed of
the compressor section 1 and while the expander section
3 is being rotated at the same rotation speed as that of
the compressor section 1. Therefore, it is possible for the
compressor section 1 and the expander section 3to serve
different roles in controlling of the refrigeration cycle, and
also, the control algorithm for the refrigeration cycle using
the expander-compressor unit becomes simple.

[0075] Although there is no particular limitation on the
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type of the working fluid used in expander-compressor
unit of the present embodiment, carbon dioxide is suita-
ble. This makes the effect of power recovery by the ex-
pander more significant. Accordingly, when using carbon
dioxide as the working fluid, the effect of improving effi-
ciency by avoiding a constant density ratio also becomes
more significant.

[0076] In the present invention, a multi-stage rotary
type expander is employed for the expander section 3.
However, the same advantageous effects may be ob-
tained even when a plurality of suction ports having dif-
ferential pressure valves as in the present embodiment
are provided for a scroll type expander or a sliding vane
type expander. The number of cylinders in the rotary type
expander is not particularly limited either. However, the
rotary type expanders with two or more stages are more
advantageous in providing a large number of suction
ports having differential pressure valves because in such
expanders, the suction process is performed in a working
chamber 55a that comes in contact with the first cylinder
41 with a large area. Moreover, the present invention
may be employed suitably also for a rotary type expander
in which the vane and the piston are formed integrally.

(Second Embodiment)

[0077] The first embodiment has described a two-
stage rotary expander (expander section 3) that, in ad-
dition to the first expansion mechanism, further includes
a second expansion mechanism having a working cham-
ber in communication with a working chamber in the first
expansion mechanism through a communication port.
[0078] The expander section 3 may be used alone. In
other words, it may be used as an expander separate
from a compressor. Fig. 9 illustrates the configuration of
a power recovery type refrigeration cycle apparatus em-
ploying the separate-type expander. This apparatus has
asimilar configuration to the refrigeration cycle apparatus
shown in Fig. 3 (the same members are denoted by the
same reference numerals, and the descriptions thereof
are omitted). In place of the expander-compressor unit
(reference numerals 1, 3, 6, and 7 in Fig. 3), this appa-
ratus includes a compressor 61 and an expander 63,
separated from each other, a rotation motor 66 connect-
ed to the compressor 61 via a shaft 7d, and a power
generator 67 connected to the expander 63 via a shaft
7e. The refrigeration cycle of this apparatus is constituted
by the compressor 61, a gas cooler (radiator) 2, the ex-
pander 63, and an evaporator 4. The compressor 61 is
driven by the rotation motor 66. In the expander 63, the
energy of expansion of the working fluid is converted into
electric energy by the power generator 67, and the con-
verted energy is used as a part of the input to the rotation
motor 66.

[0079] Fig. 10 shows an efficiency curve for a common
power generator 67. Since the power generator 67 is
designed so that the power generation efficiency be-
comes highest at a predetermined rated rotation speed
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Nr, its power generation efficiency becomes poorer when
the rotation speed is more distant from the rated rotation
speed. For this reason, it is desirable that the rotation
speed of the power generator 67 be as close as possible
to the rated rotation speed Nr. In a refrigeration cycle,
however, the circulation amount and the density of the
working fluid vary, and therefore, an expander with a con-
stant suction volume Ves is difficult to operate only at a
speed in the vicinity of the rated rotation speed Nr. When
the expander section 3 according to the first embodiment
is used as the expander 63, it becomes possible to control
the rotation speed to a speed in the vicinity of the rated
rotation speed Nr by adjusting the suction volume Vesk.

(Third Embodiment)

[0080] The present embodiment provides a refrigera-
tion cycle apparatus that has the configuration shown in
Fig. 11, in place of the configuration shown in Fig. 3. This
apparatus has a similar configuration to that of the refrig-
eration cycle apparatus shown in Fig. 3 (the same mem-
bers are denoted by the same reference numerals, and
the descriptions thereof will be omitted), but employs a
rotary valve 92 in place of the three-way valves 85, 86,
and 87.

[0081] The rotary valve 92 has a cylinder 92a and a
piston 92c¢ that is disposed therein and is rotatable with
a rotating shaft 92b as the center. The contact surface
between the inner wall of the cylinder 92a and the piston
92c is sealed, and the piston 92c can be rotated from
outside. The interior space of the cylinder 92a is divided
by the piston 92c into a low pressure space 93a in com-
munication with the low pressure pipe 84 and a high pres-
sure space 93b in communication with the high pressure
pipe 83.

[0082] The pressure pipes 78, 79, and 80 are connect-
ed to the cylinder 92a of the rotary valve 92 in that order
from a low pressure space 93a side to a high pressure
space 93b side. With this connection, the pressures of
the pressure pipes 78, 79, and 80 can be switched se-
quentially between a suction pressure Pes and a dis-
charge pressure Ped by rotating the piston 92c.

[0083] In the state shown in Fig. 11, a low pressure is
supplied to the pressure pipe 78 while a high pressure
is supplied to the pressure pipes 79 and 80. Therefore,
the differential pressure valve 72 opens, but the differ-
ential pressure valves 74 and 76 are in a closed state.
In this state, the second suction port 73 is the most down-
stream suction port that is open (state (2) in Fig. 6A). As
the piston 92c is rotated anticlockwise in Fig. 11 from the
state shown in Fig. 11, a low pressure is also supplied
to the pressure pipe 79, so that the differential pressure
valve 74 as well as the differential pressure valve 72
opens. In this state, the third suction port 75 is the most
downstream suction port that is open (state (3) in Fig.
6A). As the piston 92c is further rotated anticlockwise, all
the differential pressure valves 72, 74, and 76 open, and
then the fourth suction port 77 is the most downstream
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suction port thatis open (state (4) in Fig. 6A). Conversely,
when the piston 92c is rotated clockwise from the state
shown in Fig. 11, a high pressure also is supplied to the
pressure pipe 78, so that all the differential pressure
valves 72, 74, and 76 are closed and the working fluid is
supplied only from the first suction port 71, for which no
differential pressure valve is provided (state (1) in Fig.
6A).

[0084] When the rotary valve 92 is used as in the
present embodiment, a plurality of differential pressure
valves can be controlled with only one valve. The con-
trolling becomes simple because only one actuator
needs to be controlled, and therefore, the structure of the
piping also becomes simple.

INDUSTRIAL APPLICABILITY

[0085] As has been described above, the expander
according to the present invention has great utility value
since it provides an efficient means for recovering the
energy of expansion of the working fluid in a refrigeration
cycle and, in particular, achieves high efficiency in a heat
pump employing an expander-compressor unit.

Claims
1. A rotary type expander comprising:

a first cylinder;

a first piston disposed in the first cylinder so as
to rotate eccentrically in the first cylinder, and
forming a first working chamber between itself
and the first cylinder;

a first partition member partitioning the first
working chamber into a first suction-side space
and a first discharge-side space;

a second cylinder disposed so as to be concen-
tric with the first cylinder;

a second piston disposed in the second cylinder
so as to rotate eccentrically in the second cylin-
der, and forming a second working chamber be-
tween itself and the second cylinder, the second
working chamber having a greater volume than
the first working chamber;

a second partition member partitioning the sec-
ond working chamber into a second suction-side
space and a second discharge-side space;

a communication passage forming a working
chamber, for expanding the working fluid, by
permitting the first discharge-side space and the
second intake-side space to communicate with
each other;

a plurality of suction ports for guiding the working
fluid to the first suction-side space, comprising
a first suction port and a second suction port,
the second suction port provided with a differ-
ential pressure valve and disposed at a position
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advanced from a position of the first suction port
by a predetermined angle in a direction of rota-
tion of the first piston; and

a control pressure passage connected to the dif-
ferential pressure valve, for supplying the differ-
ential pressure valve with a control pressure for
opening and closing the differential pressure
valve.

2. The rotary type expander according to claim 1,

wherein:

the control pressure is equal to a pressure (P1)
of the working fluid before expansion or a pres-
sure (P2) of the working fluid after expansion;
and

the control pressure thatis equal to one selected
from the pressure (P1) and the pressure (P2) is
supplied selectably to the differential pressure
valve through the control pressure passage.

3. The rotary type expander according to claim 2,

wherein:

the differential pressure valve closes at least
when the control pressure is equal to the pres-
sure (P1); and

the differential pressure valve opens at least
when the control pressure is equal to the pres-
sure (P2).

The rotary type expander according to claim 1,
wherein a time length t2 of a suction process in which
the working fluid is sucked into the first suction-side
space from the first suction port and the second suc-
tion port by opening the differential pressure valve
is greater than a time length t1 of a suction process
in which the working fluid is sucked into the first suc-
tion-side space only from the first suction port by
closing the differential pressure valve.

The rotary type expander according to claim 1,
wherein the differential pressure valve comprises a
plunger having one end face to which the pressure
in the first working chamber is applied and another
end face to which the control pressure is applied,
and a spring for pushing the plunger toward the first
working chamber.

The rotary type expander according to claim 1,
wherein the differential pressure valve is disposed
within the first cylinder and between an outer circum-
ferential surface of the first cylinder and an inner cir-
cumferential surface of the first cylinder.

The rotary type expander according to claim 1, fur-
ther comprising:
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a main passage for guiding the working fluid to
the first suction port; and

a sub-passage branching from the main pas-
sage and provided along an outer circumference
of the first working chamber, for guiding the
working fluid to the second suction port.

8. The rotary type expander according to claim 7,

wherein:

the second suction port is provided in the first
cylinder or in a closing member closing the first
cylinder;

the differential pressure valve comprises (a) a
groove following the second suction port and ex-
tending outwardly in a radial direction of the first
cylinder so that at least a portion thereof over-
laps with the sub-passage, and (b) a plunger
disposed in the groove and being capable of re-
ciprocating between two positions, one position
being an open position for permitting the working
fluid to flow through the sub-passage to the sec-
ond suction port from the main passage and the
other position being a close position for prohib-
iting the working fluid from flowing through the
sub-passage to the second suction port from the
main passage; and

the reciprocating motion of the plunger is con-
trolled by the control pressure.

9. The rotary type expander according to claim 7, fur-

ther comprising:

a shaft for rotating the first piston and the second
piston; and

a bearing member closing an end face of the
first cylinder on an opposite side to the side
where the second cylinderis positioned and sup-
porting the shaft, wherein

the main passage and the sub-passage are pro-
vided in the bearing member.

10. The rotary type expander according to claim 1,

wherein:

the plurality of suction ports further comprises a
third suction port provided with a differential
pressure valve; and

a length t3 of a suction process in which the
working-fluid is sucked from thefirst suction port,
the second suction port, and the third suction
port to the first suction-side space by opening
the differential pressure valves of the second
suction port and the third suction port is greater
than the length t2.

11. An expander-compressor unit comprising: an ex-

pander according to claim 1; a compressor; and a
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shaft coupling the expander and the compressor.

12. A heat pump comprising an expander according to

claim 1.
5
13. A heat pump comprising an expander-compressor
unit according to claim 11.
14. A heat pump comprising an expander according to
claim 1, further comprising: 10

a compressor;

a high pressure pipe in which a high pressure
working fluid compressed by the compressor
flows; 15
a low pressure pipe in which a low pressure
working fluid expanded in the expander flows;

a pressure pipe for supplying the control pres-
sure to the differential pressure valve; and

a switching valve connected to the pressure 20
pipe, the high pressure pipe and the low pres-
sure pipe, and wherein:

the control pressure passage comprises the
pressure pipe, the high pressure pipe, the 25
low pressure pipe, and the switching valve;

and

by switching the switching valve, a pressure

of the working fluid in the high pressure pipe

or a pressure of the working fluid in the low 30
pressure pipe is applied as the control pres-
sure to the differential pressure valve.

15. The heat pump according to claim 14, wherein the
working fluid is carbon dioxide. 35
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