
Carbon Dioxide Refrigerant Vapor Compression System Field of the Invention
[0001] This invention relates generally to refrigerant vapor compression
systems and, more particularly, to a refrigerant vapor compression system
using carbon dioxide refrigerant. Background of the Invention [0002]
Refrigerant vapor compression systems are well known in the art and
commonly used for conditioning air to be supplied to a climate controlled
comfort zone within a residence, office building, hospital, school,
restaurant or other facility. Refrigerant vapor compression systems are
also commonly used in transport refrigeration systems for refrigerating air
supplied to a temperature controlled cargo space of a truck, trailer,
container or the like for transporting perishable items. Traditionally,
most of these refrigerant vapor compression systems operate at subcritical
refrigerant pressures and typically include a compressor, a condenser, and
an evaporator, and expansion device, commonly an expansion valve, disposed
upstream, with respect to refrigerant flow, of the evaporator and
downstream of the condenser. These basic refrigerant system components are
interconnected by refrigerant lines in a closed refrigerant circuit,
arranged in accord with known refrigerant vapor compression cycles, and
operated in the subcritical pressure range for the particular refrigerant
in use. Refrigerant vapor compression systems operating in the subcritical
range are commonly charged with conventional fluorocarbon refrigerants such
as, but not limited to, hydrochlorofluorocarbons (HCFCs), such as R22, and
more commonly hydrofluorocarbons (HFCs), such as Rl 34a, R410A and R407C.
[0003] In today's market, greater interest is being shown in "natural"
refrigerants, such as carbon dioxide, for use in air conditioning and
transport refrigeration systems instead of HFC refrigerants. However,
because carbon dioxide has a low critical temperature, most refrigerant
vapor compression systems charged 



with carbon dioxide as the refrigerant are designed for operation in the
transcritical pressure regime. For example, transport refrigerant vapor
compression systemshaving an air cooled refrigerant heat rejection heat
exchanger operating in environments having ambient air temperatures in
excess of the critical temperature point of carbon dioxide, 31.1 C (87.8
F), must also operate at a compressor discharge pressure in excess of the
critical point pressure for carbon dioxide, 7.38 MPa (1070 psia) will
operate in a transcritical cycle. In refrigerant vapor compression systems
operating in a transcritical cycle, the refrigerant heat rejection heat
exchanger operates as a gas cooler rather than a condenser and operates at
a refrigerant temperature and pressure in excess of the refrigerant's
critical point, while the evaporator operates at a refrigerant temperature
and pressure in the subcritical range. [0004] Conventional subcritical
refrigerant vapor compression systems charged with conventional
fluorocarbon refrigerants may also include a receiver disposed in the
refrigerant circuit downstream of the condenser and upstream of the
expansion device. Liquid refrigerant from the condenser enters the receiver
tank and settles to the bottom of the tank. As this liquid will be at
saturated temperature, refrigerant vapor will fill the space in the tank
not filled by liquid refrigerant. Liquid refrigerant is metered out of the
receiver tank by the expansion valve which controls refrigerant flow to the
evaporator. As the operating conditions of the subcritical refrigerant
vapor compression system change, the charge requirements for the system
will change and the liquid level in the receiver tank will rise or fall, as
appropriate, to establish a new equilibrium liquid level. [0005] U.S.
Patent No. 5,174,123 discloses a subcritical refrigerant vapor compression
system for transport refrigeration applications that includes a compressor,
a condenser, and an evaporator, with a flash tank disposed between the
compressor and the evaporator. Refrigerant flows into the flash tank from
the condenser at saturated conditions. The flow of refrigerant into the
flash tank is controlled by selectively opening or closing a sub-cooling
valve to maintain a 



desired degree of sub-cooling. The flow of liquid refrigerant out of the
flash tank to the evaporator is controlled by a suction superheat
thermostatic expansion valve. Refrigerant vapor collecting in the flash
tank above the liquid refrigerant therein is returned to the compressor,
being injected into an intermediate pressure stage of the compressor.[0006]
In a transcritical refrigerant vapor compression system, however,
controlling the system refrigerant charge is more complex because the
compressor high side refrigerant leaving the gas cooler is above the
refrigerant's critical point and there is no distinct liquid or vapor phase
and thus the charge present in the receiver becomes a function of
temperature and pressure which may not respond in a desirable manner to
system charge requirements. U.S. Patent No. 6,385,980 discloses a
transcritical refrigerant vapor compression system including a flash tank
disposed between a gas cooler and an evaporator and a controller regulating
valves in response to the sensed refrigerant pressure in the gas cooler to
control the amount of charge in the flash tank to regulate the refrigerant
pressure in the gas cooler. The flow of supercritical refrigerant from the
gas cooler into the flash tank is controlled by regulating an in-line
expansion valve on the entry side of the flash tank and the flow of liquid
refrigerant from the flash tank to the evaporator is controlled by an in
line expansion valve on the exit side of the flash tank. Refrigerant vapor
collecting in the flash tank above the refrigerant liquid therein is
returned to an intermediate pressure stage of the compression device. Thus,
the flash tank functions both as an economizer and a refrigerant charge
control device. Summary of the Invention [0007] In an aspect of the
invention, a carbon dioxide refrigerant vapor compression system includes a
refrigerant circuit having a refrigerant compression device, a refrigerant
heat rejection heat exchanger for passing refrigerant received from the
compression device at a high pressure in heat exchange relationship with a
cooling medium, a refrigerant heating heat exchanger for passing
refrigerant at a low pressure refrigerant in heat exchange relationship
with a heating medium, and an 



expansion device disposed in the refrigerant circuit downstream of the
refrigerant cooling heat exchanger and upstream of the refrigerant heating
heat exchanger. A flash tank receiver is disposed in the refrigerant
circuit downstream of the refrigerant heat rejection heat exchanger and
upstream of the expansion device. Additionally, the refrigerant vapor
compression system includes a compressor unload circuit having a
refrigerant line establishing refrigerant flow communication between an
intermediate pressure stage of the compression device and the refrigerant
circuit at alocation downstream of the refrigerant heat absorption heat
exchanger and upstream of a suction inlet to the compression device, and a
unload circuit flow control device disposed in the unload circuit
refrigerant line. A controller is provided in operative association with
the expansion device and the unload circuit flow control valve. The
controller operates in response to at least one system operating parameter
sensed by at least one sensor to selectively position the unload flow
control device to maintain the refrigerant vapor compression system
operating at a discharge pressure below a preselected upper limit pressure.
In an embodiment, the sensed operating parameter may, for example, be the
refrigerant discharge pressure or the refrigerant discharge temperature.
[0008] In an aspect of the invention, a method is provided for controlling
operation of a carbon dioxide refrigerant vapor compression system
including a refrigerant compression device, a refrigerant heat rejection
heat exchanger, a flash tank receiver, an expansion device, and a
refrigerant heat absorption heat exchanger disposed in series flow
arrangement in the refrigerant circuit. The method comprises the steps of:
providing a compressor unload circuit including a refrigerant line
establishing refrigerant flow communication between an intermediate
pressure stage of the compression device and the refrigerant circuit at a
location downstream of the refrigerant heat absorption heat exchanger and
upstream of a suction inlet to said compression device, and a unload
circuit flow control device disposed in the unload circuit refrigerant
line; sensing at least one operating parameter of the refrigerant at least
one point in the refrigerant circuit; modulating the expansion device to 



selectively meter liquid refrigerant flow from the flash tank receiver to
the refrigerant heat absorption heat exchanger; and positioning the unload
circuit flow control device, in response to the at least one sensed
operating parameter, between an open position whereat refrigerant passes
through the unload circuit refrigerant line from an intermediate pressure
stage of the compression process to suction pressure and a closed position
whereat refrigerant flow through the unload circuit refrigerant line is
blocked to maintain the refrigerant vapor compression system operating at a
discharge pressure below a preselected upper limit pressure. In an
embodiment, the sensed operating parameter may, for example, be the
refrigerant discharge pressure or the refrigerant discharge
temperature.Brief Description of the Drawings [0009] For a further
understanding of the invention, reference will be made to the following
detailed description of the invention which is to be read in connection
with the accompanying drawing, where: [0010] Figure 1 is a schematic
diagram illustrating an exemplary embodiment of a refrigerant vapor
compression system in accord with the invention. Detailed Description of
the Invention [0011] Referring now to FIG. 1, the refrigerant vapor
compression system 10 includes a compression device 20 driven by a motor 30
operatively associated therewith, a refrigerant heat rejecting heat
exchanger 40, a refrigerant heat absorbing heat exchanger 50, also referred
to herein as an evaporator, connected in a closed loop refrigerant circuit
in series refrigerant flow arrangement by various refrigerant lines 2, 4
and 6. Additionally, the refrigerant vapor compression system 10 includes a
flash tank receiver 60 disposed in refrigerant line 4 of the refrigerant
circuit downstream with respect to refrigerant flow of the refrigerant heat
rejecting heat exchanger 40 and upstream with respect to refrigerant flow
of the evaporator 50, and an evaporator expansion device 55, operatively
associated with the evaporator 50, disposed in refrigerant line 4
downstream with respect to refrigerant flow of the flash tank receiver 60
and upstream with respect to refrigerant flow of the evaporator 



50. A filter/drier may also be disposed in refrigerant line of the
refrigerant circuit downstream with respect to refrigerant flow of the
refrigerant heat rejecting heat exchanger 40 and upstream with respect to
refrigerant flow of the flash tank receiver 60. [0012] The compression
device 20 functions to compress and circulate refrigerant through the
refrigerant circuit as will be discussed in further detail hereinafter. The
compression device 20 may be a single multi-stage compressor having at
least a first low pressure compression stage 20a and a second high pressure
compression stage 20b, such as a reciprocating compressor, as illustrated
in FIG. 1, wherein partially compressed refrigerant from the first
compression stage 20a passes to the second compression stage 20b internally
within the compression mechanism of the multiple stage compressor 20. It is
to be understood, however, that in anotherembodiment, the compression
device 20 may comprise a pair of compressors 20a and 20b, such as for
example a pair of reciprocating compressors, having a refrigerant line
connecting the discharge outlet port of the first compressor 20a in
refrigerant flow communication with the suction inlet port of the second
compressor 20b. In the case of a single multiple stage compressor, each
compression stage would be driven by a single motor 30 operatively
associated in driving relationship with the compression mechanism of the
compressor 20. In the case of a pair of compressors constituting the
compression device 20, each compressor will be driven independently of the
other by its own dedicated motor operatively associated in driving
relationship with its compression mechanism. [0013] The refrigerant vapor
compression system 10 further includes a compressor unload circuit
comprising a refrigerant line 12 that interconnects an intermediate
pressure point in the compression process with refrigerant line 6 of the
refrigerant circuit of a point downstream with respect to refrigerant flow
of the evaporator 50 and upstream with respect to refrigerant flow of the
suction inlet 21of the compression device 20, and an unload valve 75
disposed in the refrigerant line 12 that is operative to control the flow
of refrigerant through the refrigerant line 12 



of the compressor unload circuit. In the exemplary embodiment of the
refrigerant vapor compression system depicted in FIG. 1 wherein the
compression device 20 is a single compressor having at least a low pressure
compression stage 20a and a high pressure compression stage 20b,
refrigerant line 12 of the compressor unload circuit taps into the
compression device 20 at a location 25 opening into an intermediate
pressure point of the compression process, that is at a refrigerant
pressure higher than the refrigerant pressure at the suction inlet to the
compression device 20 and lower than the refrigerant pressure at the
discharge outlet of the compression device 20, and taps into the
refrigerant line 6 at suction pressure. [0014] When the refrigerant vapor
compression system 10 is operating in a subcritical cycle, the refrigerant
heat rejecting heat exchanger 40 functions as a refrigerant condensing heat
exchanger through which hot, high pressure refrigerant vapor discharging
from the compression device 20 passes in heat exchange relationship with a
cooling medium to condense the refrigerant passing therethrough from a
refrigerant vapor to refrigerant liquid. The refrigerant condensing
heatexchanger 40 may comprise a finned tube heat exchanger 42, such as for
example, a fin and round tube heat exchange coil or a fin and flat
mini-channel tube heat exchanger. In transport refrigeration system
applications, the cooling medium may be ambient air passed through the
condenser 40 in heat exchange relationship with the refrigerant by means of
fan(s) 44 operatively associated with the condenser 40, or other cooling
fluid, such as water. [0015] The evaporator 50 constitutes a refrigerant
evaporating heat exchanger, such as a conventional finned tube heat
exchanger 52, such as for example a fin and round tube heat exchange coil
or a fin and mini-channel flat tube heat exchanger, through which expanded
refrigerant having traversed the expansion device 55 passes in heat
exchange relationship with a heating fluid, whereby the refrigerant is
vaporized and typically superheated. The heating fluid passed in heat
exchange relationship with the refrigerant in the evaporator 50 may be air
passed through the evaporator 50 by means of fan(s) 54 operatively
associated with the 



evaporator 50, to be cooled and commonly also dehumidified, and thence
supplied to a climate controlled environment 200 such as, for example, a
perishable cargo, such as for example refrigerated or frozen food items,
storage zone associated with a transport refrigeration system. [0016] The
refrigerant vapor compression system 10 may also include a control system
including a controller 100 operatively associated with a plurality of flow
control devices interdisposed in various refrigerant lines. In addition to
monitoring ambient temperature via a temperature sensor 101 disposed in the
flow of ambient air entering the refrigerant heat rejection heat exchanger
40, the controller 100 also monitors various system operating parameters by
means of various sensors operatively associated with the controller 100 and
disposed at selected locations throughout the system. For example, in the
exemplary embodiment depicted in FIG. 1, a temperature sensor 103 and a
pressure sensor 104 may be provided to sense the refrigerant suction
temperature and pressure, respectively, a temperature sensor 105 and a
pressure sensor 106 may be provided to sense refrigerant discharge
temperature and pressure, respectively, a temperature sensor 107 and a
pressure sensor 108 may be provided to sense the temperature and pressure
of the refrigerant passing through the compressor unload line 12.
Atemperature sensor 109 may be provided to sense the temperature of
refrigerant leaving the refrigerant heat absorbing heat exchanger, i.e.
evaporator 50, for monitoring the degree of superheat possessed by the
refrigerant vapor leaving the evaporator 50. The pressure sensors 104, 106,
108 may be conventional pressure sensors, such as for example, pressure
transducers, and the temperature sensors 103, 105, 107 and 109 may be
conventional temperature sensors, such as for example, thermocouples or
thermistors. [0017] The controller 100 controls operation of the
compression device 20 through control of the compressor drive motor 30
operatively associated with the compression device 20, as well as operation
of the fans 44 and 54, through control of the respective motors (not shown)
operatively associated therewith. Further, the 



controller 100 modulates the electronic expansion valve 55 to control the
flow of refrigerant through refrigerant line 4 into the evaporator 50 and
selectively opens or closes the unload circuit flow control device 75 to
control the flow of refrigerant through refrigerant line 12. The controller
100 modulates the flow area of the flow passage through the electronic
expansion valve 55, in response to the refrigerant temperature sensed by
the sensor 109 on the outlet side of the evaporator 50, that is the
temperature passing from the evaporator 50 to the suction inlet 2 1 of the
low pressure compression stage 20a of the compression device 20 through
refrigerant line 6. The controller 100 selectively opens and closes the
unloader circuit control device 75, which comprises a fixed flow area
valve, such as for example a fixed orifice solenoid valve, in response to
the refrigerant discharge temperature or pressure sensed by sensors 105 or
106, respectively, on the high side of the compression device 20, that is
the temperature and pressure of the refrigerant discharged from the high
pressure compression stage 20b. [0018] The controller 100 determines the
desired mode of operation based upon ambient temperature sensed by sensor
101 and the various sensed system refrigerant temperatures and pressures
and then positions the electronic expansion valve 55 and the unload circuit
flow control device 75 accordingly. The controller 100 can unload the
compression device 20 as necessary to control the refrigeration capacity of
the refrigerant vapor compression system 10 by selectively opening or
closing the compressor unload circuit valve 75. With the flow control
device 75open, refrigerant vapor flows out of an intermediate stage of the
compression process through the compressor unload bypass line 12 into
refrigerant line 6, rather than proceeding onward to be further compressed
in the high pressure compression stage 20b. The refrigerant vapor passing
through the unload circuit refrigerant line 12 returns directly to the
suction side of the compression device, thus bypassing the high compression
stage 20b and thereby unloading the compression device 20. This unloading
of the compressor 20 through the compressor unload circuit flow control
device 75 may be implemented in response to a high compressor discharge 



refrigerant temperature, or for capacity reduction or compressor power
reduction. [0019] The compressor drive motor 30 operative associated with
the compression mechanism of the compression device 20 may be a fixed-speed
motor operating on power from a fixed frequency power source or a
variable-speed motor operating on variable-frequency power as supplied from
an inverter 35 operatively associated with a fixed frequency power source.
If the compressor drive motor 30 is a variable-speed motor, the controller
100 can also control the capacity output of the refrigerant vapor
compression system 10 by varying the frequency of the power output from the
inverter 35 thereby controlling the speed of the compressor drive motor 30.
[0020] If at any point in operation there is too much refrigerant charge
circulating in the system, the rate of liquid refrigerant entering the
flash tank receiver 60 will exceed the rate of refrigerant leaving the
flash tank receiver 60 and the liquid level within the flash tank receiver
60 will rise until equilibrium is reached between the rate of liquid
entering the flash tank receiver 60 and the rate of liquid leaving the
receiver tank 60 with the excess liquid remaining stored in the flash tank
receiver 60. If an any point in operation there is too little refrigerant
charge circulating in the system, the rate of liquid refrigerant entering
the flash tank receiver 60 will be less than the rate of liquid leaving the
flash tank receiver 60 and the liquid level within the flash tank receiver
60 will drop as liquid leaves the receiver tank to the refrigerant circuit
to circulate therethrough. The liquid level within the flash tank receiver
60 will continue to drop until a new equilibrium is established between the
rate of liquid entering the flash tank receiver 60 and the rate of liquid
leaving the flash tank receiver 60.[0021] As noted previously, the
refrigerant vapor compression system 10 specifically adapted for operation
with carbon dioxide as the refrigerant. The controller 100, through
selective modulation of the electronic expansion valve 55 and selective
opening and closing of the compressor unload circuit flow control valve 75,
will endeavor to maintain the refrigerant discharge pressure, monitored by 



pressure sensor 106, at a pressure below a desired limit. For example, the
desired limit may be set at the critical point pressure for carbon dioxide
of 7.38 MPa (73.8 bars or 1070 psia) so that at all points to the
refrigerant cycle, the refrigerant vapor compression system 10 is operating
in a subcritical cycle. Maintaining the compressor discharge pressure below
the critical point pressure for carbon dioxide will ensure that the
refrigerant discharge temperature also lies below the critical point
temperature for carbon dioxide of 31.1 C (87.8 F). [0022] In such
environments, it is possible that the ambient air temperature may drop,
particularly during the winter season, to temperatures so low that that air
circulating from the controlled temperature environment may need to
actually be heated in order to maintain the desired set point temperature,
such as for example in the case of the temperature controlled environment
200 of the cargo space within a transport refrigeration container wherein a
specific temperature is to be maintained for the particular perishable
items stored therein. Therefore, the refrigerant vapor compression system
10 includes an auxiliary electric heater 90 operatively associated with the
evaporator 50, which when activated warms the circulating air upstream with
respect to air flow of the evaporator heat exchanger 52. The controller 100
monitors the ambient air temperature sensed by the temperature sensor 101
and the temperature of the air within the controlled environment 200 as
sensed by the temperature sensor 111 and activates the electric heater 90
when both the ambient air temperature is lower than the air temperature
within the controlled environment 200 and the air temperature within the
controlled environment 200 is below the desired set point temperature by a
preselected amount. The controller 100 will deactivate the auxiliary heater
when the air temperature within the controlled environment 200 is at or
above the desired set point temperature or the ambient air temperature
exceeds the air temperature within the controlled environment 200.[0023]
The controller 100 may be an electronic controller, such as a
microprocessor controller, or any other controller of the type
conventionally used in connection with controlling the operation of a
refrigerant vapor compression system. 



For example, in transport refrigeration applications, the controller 100
could be a MicroLink(tm) series microprocessor controller, such as the ML2
model, the ML2i model or ML3 model, available from Carrier Corporation,
Syracuse, N.Y., USA. It is to be understood, however, that any controller
capable of performing the functions discussed hereinbefore with respect to
controller 100 may be used in the refrigerant vapor compression system of
the invention and in carrying out the method of the invention. [0024] The
foregoing description is only exemplary of the teachings of the invention.
Those of ordinary skill in the art will recognize that various
modifications and variations may be made to the invention as specifically
described herein and equivalents thereof without departing from the spirit
and scope of the invention as defined by the following claims.We Claim: 1.
A carbon dioxide refrigerant vapor compression system comprising: a
refrigerant circuit including a refrigerant compression device, a
refrigerant heat rejection heat exchanger for passing carbon dioxide
refrigerant received from said compression device at a high pressure in
heat exchange relationship with a cooling medium, a refrigerant heat
absorption heat exchanger for passing carbon dioxide refrigerant at a low
pressure refrigerant in heat exchange relationship with a heating medium,
and an expansion device disposed in the refrigerant circuit downstream of
said refrigerant cooling heat exchanger and upstream of said refrigerant
heating heat exchanger; a flash tank receiver disposed in the refrigerant
circuit downstream of said refrigerant heat rejection heat exchanger and
upstream of said main expansion device; a compressor unload circuit
including a refrigerant line establishing refrigerant flow communication
between an intermediate pressure stage of said compression device and said
refrigerant circuit at a location downstream of said refrigerant heat
absorption heat exchanger and upstream of a suction inlet to said 



compression device, and a unload circuit flow control device disposed in
said unload circuit refrigerant line; and a controller operatively
associated with said expansion device and said unload circuit flow control
valve, said controller operative in response to at least one system
operating parameter sensed by at least one sensor to selectively position
the unload flow control device to maintain said refrigerant vapor
compression system operating at a discharge pressure below a preselected
upper limit. 2. A refrigerant vapor compression system as recited in claim
1 wherein the sensed operating characteristic is refrigerant discharge
pressure. 3. A refrigerant vapor compression system as recited in claim 1
wherein the sensed operating characteristic is refrigerant discharge
temperature.4. A refrigerant vapor compression system as recited in claim 1
wherein said compression device comprises a single reciprocating compressor
having at least two compression stages. 5. A refrigerant vapor compression
system as recited in claim 1 wherein said compression device comprises at
least two reciprocating compressors disposed in the refrigerant circuit in
a series relationship with respect to refrigerant flow. 6. A refrigerant
vapor compression system as recited in claim 1 wherein the heating medium
comprises air circulated through the refrigerant heat absorption heat
exchanger from a controlled temperature environment. 7. A refrigerant vapor
compression system as recited in claim 1 wherein the heating medium
comprises air circulated through the refrigerant heat absorption heat
exchanger from a temperature controlled perishable cargo storage zone. 8. A
method for controlling operation of a carbon dioxide refrigerant vapor
compression system including a refrigerant compression device, a
refrigerant heat rejection heat exchanger, a flash tank receiver, an
expansion device, and a refrigerant heat absorption heat exchanger disposed
in series flow arrangement in the refrigerant circuit, said method
comprising the steps of: providing an compressor unload circuit including a
refrigerant line 



establishing refrigerant flow communication between an intermediate
pressure stage of said compression device and said refrigerant circuit at a
location downstream of said refrigerant heat absorption heat exchanger and
upstream of a suction inlet to said compression device, and a unload
circuit flow control device disposed in said unload circuit refrigerant
line; sensing at least one operating characteristic of the refrigerant at
at least one point in the refrigerant circuit; modulating said expansion
device to selectively meter liquid refrigerant flow from said flash tank
receiver to said refrigerant heat absorption heat exchanger; and
positioning unload circuit flow control device, in response to said at
least oneoperating characteristic, between an open position whereat
refrigerant passes through the unload circuit refrigerant line from an
intermediate pressure stage of the compression process to suction pressure
and a closed position whereat refrigerant flow through the unload circuit
refrigerant line is blocked. 9. A method as recited in claim 8 wherein the
sensed operating characteristic is refrigerant discharge pressure. 10. A
method as recited in claim 8 wherein the sensed operating characteristic is
refrigerant discharge temperature. 11. A method as recited in claim 8 the
step of positioning unload circuit flow control device between an open
position and a closed position comprises the step of selectively
positioning the unload circuit flow control device between an open position
and a closed position to maintain said refrigerant vapor compression system
operating at a discharge pressure below a preselected upper limit. 12. A
method as recited in claim 11 wherein said preselected upper limit is the
critical point pressure for carbon dioxide. 


