wO 2016/130870 A 1[I I 0F V00 00000 0O O

(43) International Publication Date

Organization
International Bureau

~
é

=

\

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)
(19) World Intellectual Property

(10) International Publication Number

WO 2016/130870 A1l

18 August 2016 (18.08.2016) WIPO I PCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
F25B 11/02 (2006.01) F25B 9/06 (2006.01) kind of national protection available): AE, AG, AL, AM,
. L AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
PCT/US2016/017647 DO, DZ. EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
12 February 2016 (12.02.2016) KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
. MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
(25) Filing Language: English PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
(26) Publication Language: English SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data: . L
62/115,411 12 February 2015 (12022015) Us (84) De51gnated States (unless otherwise indicated, fO}" every
kind of regional protection available): ARIPO (BW, GH,
(71) Applicant: PARKER-HANNIFIN CORPORATION GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
[US/US]; 6035 Parkland Boulevard, Cleveland, Ohio TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
44124 (US). TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
(72) Tnventors: HART, Charles Matthew:; 6 Fieldstone Ct., DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
Washington, Missouri 63090 (US). LARASH, Richard LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, S, SK,
e o
. : >t B SM, TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ,
Charles; 2211 Timber Valley Dr., Pacific, Missouri 63069 GW, KM, ML, MR, NE, SN, TD, TG)
(US). JEGAN, Sathish Kumar; 10301 Applerock Dr., i T P T '
O'Fallon, Missouri 63368 (US). Published:
(74) Agent: FAFRAK, Kenneth W.; 1621 Euclid Ave., 19th —  with international search report (Art. 21(3))
Floor, Cleveland, Ohio 44115 (US).
(54) Title: GEAR EXPANDER FOR ENERGY RECOVERY
5 (57) Abstract: A refrigeration system includes an evapor-
o~ . ator, a compressor fluidly connected to the evaporator to
{:“"ﬁ“““} a compress low-pressure refrigerant exiting the evaporator
Mt | ¥ % to high-pressure vapor refrigerant, a high-side heat ex-
A ) ) changer fluidly connected to the compressor to receive the
% é’ A high pressure vapor refrigerant and dissipate heat there-
A :}f" from, and an energy recovery device configured to extract
3 work from the high pressure refrigerant flowing
2 sz » w4 therethrough, the energy recovery device including a gear
e 2 i}%”‘*f*ﬂi’mﬁm‘ - expander, a generator and a controller. The gear expander
% i . = . . . L
i 1 _*‘Lﬁ -5 having a fluid inlet, a fluid outlet in fluid communication

Movable Gear Expander
E.g., Gear Expander

Controt Usit

User deace

FIG. 1A

with the fluid inlet, and a mechanical power output for
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between the fluid inlet and fluid outlet, the fluid inlet ar-
ranged between a high pressure output of the compressor
and an inlet of the evaporator. The generator is mechanic-
ally coupled to the gear mechanical power output and op-
erative to convert mechanical power produced by the gear
to electrical power. The controller is electrically coupled
to the generator, the controller configured to regulate elec-
trical power produced by the generator and output the reg-
ulated electrical power.
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GEAR EXPANDER FOR ENERGY RECOVERY

RELATED APPLICATION DATA
This application claims priority of U.S. Provisional Application No.
62/115,411 filed on February 12, 2015, which is incorporated by reference in its

entirety.

TECHNICAL FIELD
The present invention relates to an air conditioning and refrigeration
systems. More specifically, the present invention relates to an air conditioning or
refrigeration system with an energy recovery device that extracts work from
expanding refrigerant moving from a high-pressure zone to a lower pressure

zone of the air conditioning or refrigeration system.

BACKGROUND

Air conditioning and refrigeration systems utilize the phase changes of
refrigerant fluids in order to extract heat from circulated air, and thus cool the air.
A typical air conditioning or refrigeration system includes a compressor, a
condenser, an expansion valve and an evaporator. The compressor compresses
a cool vapor-phase refrigerant (e.g., Freon® R410a, R404a) to heat the same,
resulting in a hot, high-pressure vapor-phase refrigerant. This hot vapor-phase
refrigerant runs through a condenser, typically a coil that dissipates heat. The
condenser condenses the hot vapor-phase refrigerant into liquid refrigerant. The
liquid refrigerant is regulated through the expansion valve, which expands the

refrigerant to a cold, low-pressure saturated liquid-vapor-phase refrigerant. This



10

15

20

WO 2016/130870 PCT/US2016/017647

cold saturated liquid-vapor-phase refrigerant runs through the evaporator(s),
typically a coil that absorbs heat from the space to be cooled.

Depending on the type of cooling system, various types of devices may
be used to cool the refrigerant. As used herein, the term “high-side heat
exchanger” includes condensers, gas coolers, vapor coolers, liquid coolers, and
the like, as may be utilized by the type of cooling system.

Basically, the input energy for an air conditioning or refrigeration system is
typically represented by the power required to operate the compressor that
compresses refrigerant vapor. Much of the energy added to the system through
the compression process is expelled as kinetic energy during the expansion
phase when the pressure of the refrigerant rapidly drops. In order to increase the
efficiency of air conditioning and refrigeration systems, attempts have been
made to recover some of the energy released during the expansion process and
to convert the recovered energy into useful work. For example, one proposal to
improve energy efficiency of a vehicle air conditioning system is disclosed in
U.S. Pat. No. 6,272,871. Generally, in this patent, the air conditioning system is
provided with an energy recovery device that recovers energy generated during
operation of the air conditioning system. Specifically, the air conditioning system
utilizes a vane-type expander (similar to a vane type compressor, but operating
in reverse) to extract energy from normal operation of the air conditioning
system. In this air conditioning system, the expanding refrigerant is used to
rotate the vane-type expander that is connected to a shaft from which

mechanical and/or electrical energy can be extracted.
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SUMMARY

It has been discovered that air conditioning and refrigeration systems
employing rotating expansion devices (such as vane-type expanders configured
as energy recovery devices) may exhibit suction losses, which can impede
rotational motion and reduce efficiency. The geometries of some vane-type
expanders can also cause expanded refrigerant to be partially re-compressed
before exiting the expander. Additionally, the high number and complexity of
parts that comprise vane-type expanders introduces additional cost and potential
points of failure.

In view of these operational limitations of rotating expansion devices such
as vane-type expanders, one aspect of the present invention is to utilize a
movable expander in an air conditioning or refrigeration system that can reduce
and/or eliminate the suction loss that occurs in energy recovery devices that
utilize a vane-type expander in a refrigeration system. A drive system, such as
an electrical generator and controller, are operatively coupled to the energy
recovery device to extract fluid energy from the system and convert the fluid
(mechanical) energy into electrical energy, which may be stored in a storage
device (e.g., a battery), provided to other devices via a common bus, or sold
back to the power company.

According to one aspect of the invention, . A refrigeration system
includes: at least one evaporator; at least one compressor fluidly connected to
the at least one evaporator to compress low-pressure refrigerant vapor exiting
the at least one evaporator to high-pressure vapor refrigerant; at least one high-

side heat exchanger fluidly connected to the at least one compressor to receive
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the high pressure refrigerant vapor and dissipate heat therefrom; an energy
recovery device configured to extract work from the high pressure refrigerant
flowing therethrough, the energy recovery device including a gear expander, a
generator and a controller, the gear expander having a fluid inlet, a fluid outlet in
fluid communication with the fluid inlet, and a mechanical power output for
outputting mechanical power created by fluid passing between the fluid inlet and
fluid outlet, the fluid inlet arranged between a high pressure output of the at least
one compressor and an inlet of the at least one evaporator, the generator
mechanically coupled to the gear mechanical power output and operative to
convert mechanical power produced by the gear to electrical power, and the
controller operatively coupled to the generator, the controller configured to
regulate a speed of the generator to control electrical power produced by the
generator.

Optionally, the controller is configured to regulate a load placed on the
gear expander based on at least one of refrigerant mass flow or refrigeration
cycle control.

Optionally, the controller is configured to control parameters of the
refrigeration cycle.

Optionally, the controller is configured to regulate the speed of the
generator based on at least one of refrigerant superheat, hot gas flow from the
compressor discharge, flash gas separation, flash gas cooling, or evaporator
defrost.

Optionally, the controller is configured to control a flow rate of high

pressure vapor refrigerant exiting the at least one high-side heat exchanger and
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entering the energy recovery device based on at least one of pressure and
temperature of the refrigeration system.

Optionally, the gear expander fluid inlet is fluidly connected to an outlet of
the at least one high-side heat exchanger to receive high pressure refrigerant
exiting the at least one high-side heat exchanger, and the gear expander fluid
outlet is fluidly connected to an inlet of the at least one evaporator to deliver low
pressure refrigerant thereto.

Optionally, the gear expander fluid inlet is fluidly connected to an outlet of
the at least one compressor to receive high pressure vapor refrigerant exiting the
at least one compressor, and the gear expander fluid outlet is fluidly connected
to an inlet or an outlet of the at least one evaporator.

Optionally, the gear expander fluid inlet is fluidly connected to an outlet of
the at least one high-side heat exchanger, and a gear expander fluid outlet is
fluidly connected to an inlet of a flash gas separator or directly to the at least one
evaporator.

Optionally, the controller is configured to regenerate electrical power
produced by the generator to an AC or DC electrical bus.

Optionally, the controller comprises a variable speed drive controller.

Optionally, the generator is hermetically sealed.

Optionally, a chamber of the gear expander includes an inner rotor and an
outer rotor, a rotation axis of the inner rotor being offset from a rotation axis of
the outer rotor such that rotational movement of the outer rotor drives the inner

rotor, the inner rotor defining the output of the gear expander.
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Optionally, the energy recovery device further includes a rotatable shaft
connected to the inner rotor of the gear expander.
Optionally, the rotatable shaft of the energy recovery device is configured
and arranged to extract work from rotational movement of the inner rotor.
5 Optionally, the inner rotor rotates the rotatable shaft in a first direction
about a center rotational axis of the rotatable shaft in response to at least one of
a phase change or a pressure change of the flow of a refrigerant from the high
pressure refrigerant at the inlet to the low pressure refrigerant at the outlet.
Optionally, the energy recovery device further includes a rotatable shaft
10  connected to the outer rotor of the gear expander.
Optionally, the rotatable shaft of the energy recovery device is configured
and arranged to extract the work from rotational movement of the outer rotor.
Optionally, the outer rotor rotates the rotatable shaft in a first direction
about a center rotational axis of the rotatable shaft in response to at least one of
15  a phase change or a pressure change of the flow of a refrigerant from the high
pressure refrigerant at the inlet to the low pressure refrigerant at the outlet.
Optionally, the system includes a control unit operatively connected to the
controller, wherein control of the generator is performed in at least one of the
control unit or the controller.
20 Optionally, the gear expander comprises ceramic components.
Optionally, the outer rotor and the inner rotor of the gear expander are
formed from ceramic material.
Optionally, components of the gear expander comprise friction-reducing

coatings.
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According to another aspect of the invention, a method is provided for
recovering energy from a refrigeration system that includes at least one
evaporator, at least one compressor fluidly connected to the at least one
evaporator to compress low-pressure refrigerant vapor exiting the at least one
evaporator to high-pressure vapor refrigerant, at least one high-side heat
exchanger fluidly connected to the at least one compressor to receive the high
pressure refrigerant vapor and dissipate heat therefrom, an energy recovery
device configured to extract work from the high pressure refrigerant flowing
therethrough, the energy recovery device including a gear expander, a generator
and a controller, the gear expander having a fluid inlet, a fluid outlet in fluid
communication with the fluid inlet, and a mechanical power output for outputting
mechanical power created by fluid passing between the fluid inlet and fluid
outlet, the fluid inlet arranged between a high pressure output of the at least one
compressor and an inlet of the at least one evaporator, the generator
mechanically coupled to the gear mechanical power output and operative to
convert mechanical power produced by the gear to electrical power. The
method includes regulating, via the controller, a speed of the generator to control
electrical power produced by the generator.

Optionally, regulating includes regulating a load placed on the gear
expander based on at least one of refrigerant mass flow or refrigeration cycle
control.

Optionally, regulating includes regulating the speed of the generator
based on at least one of refrigerant superheat, hot gas flow from the compressor

discharge, flash gas separation, flash gas cooling, or evaporator defrost.
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Optionally, regulating includes controlling a flow rate of high pressure
vapor refrigerant exiting the at least one high-side heat exchanger and entering
the energy recovery device based on at least one of pressure change or

pressure and temperature of the refrigeration system.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of this invention will now be described in further detail with
reference to the accompanying drawings.

10 FIG. 1A is a schematic system diagram of a refrigeration system equipped
with an energy recovery device in accordance with an illustrated embodiment.

FIG. 1B is a schematic system diagram of a CO,-based refrigeration
system equipped with an energy recovery device in accordance with an
illustrated embodiment.

15 FIG. 2 is a simplified schematic view of the energy recovery device
including a movable (gear) expander.

FIG. 3 is a simplified cross sectional view of the movable expander as
seen along section line 3-3 in FIG. 2 showing the high pressure line entering the
movable expander and the low pressure line exiting the movable expander.

20 FIG. 4 is a simplified cross sectional view of the movable expander as
seen along section line 4-4 in FIG. 3 showing the flow path of refrigerant through

the movable expander.
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FIG. 5 is a simplified cross sectional view of the movable expander as
seen along section line 5-5 in FIG. 4 showing a ring gear and a center gear that
define expansion cavities in the movable expander.

FIG. 6 is a simplified cross sectional view of the movable expander as

5 seen along section line 6-6 in FIG. 4 illustrating the chambers through which
refrigerant passes through the movable expander to generate torque.

FIG. 7 is a schematic diagram illustrating an energy recovery device in
accordance with the present disclosure.

FIG. 8 is a schematic diagram illustrating redistribution of electrical power

10  via a common AC or DC bus in accordance with the present disclosure.

FIG. 9 is a block diagram illustrating a method for generating a speed
reference based on refrigerant super heat.

FIG. 10 is a block diagram illustrating a method for generating a speed
reference based on refrigerant pressure.

15 FIG. 11 is a control block diagram illustrating a regulation scheme for

controlling a load placed on the generator.

DETAILED DESCRIPTION
Selected embodiments will now be explained with reference to the
20 drawings. It will be apparent to those skilled in the art from this disclosure that
the following descriptions of the embodiments are provided for illustration only
and not for the purpose of limiting the invention as defined by the appended

claims and their equivalents.
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Referring initially to FIG. 1A, a refrigeration system 12 is equipped with an
energy recovery device 14 in accordance with an illustrated embodiment. The
energy recovery device 14 extracts energy (work) from expansion of refrigerant
as the refrigerant moves from a high-pressure zone of the refrigeration system
12 to a low-pressure zone of the refrigeration system 12. As shown
schematically in FIG. 1A, in addition to the energy recovery device 14, the
refrigeration system 12 also includes an evaporator 16, a compressor 18 and a
high-side heat exchanger 20.

In the illustrated embodiment, the energy recovery device 14 basically
includes a movable expander 21, a generator 22 and a drive controller 23. More
particularly, in the illustrated embodiment, the movable expander 21 is a gear
expander. The movable expander 21 is configured and arranged to extract
energy (work) from expansion of the refrigerant as the refrigerant moves from a
high-pressure zone of the refrigeration system 12 to a low-pressure zone of the
refrigeration system 12. While the refrigeration system 12 is especially suitable
for use in supermarkets, convenience stores, or other places where a
refrigerated space is desired, the refrigeration system 12 is also suitable for use
in HVAC applications.

In the illustrated embodiment of FIGS. 1A, 2 and 4, the generator 22 is
driven by the movable expander 21 to produce electricity which can be stored in
a battery (not shown), used to power other systems, or sold back to the power
company. While the generator 22 is illustrated as being rotated by the energy
recovered by the movable expander 21, it will be apparent to those skilled in the

refrigeration field that the recovered energy can be used to rotate other devices

10
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as needed and/or desired, depending on the application of the refrigeration
system 12.

The components of the refrigeration system 12 will now be described in
more detail. Basically, the energy recovery device 14 and the compressor 18
divide the refrigerant circuit into a high pressure line 26 and a low pressure line
28. The evaporator 16 is disposed in the low pressure line 28, while the high-
side heat exchanger 20 is disposed in a high pressure line 26. The compressor
18 is disposed between the beginning of the high pressure line 26 and the end of
the low pressure line 28.

In one embodiment, the energy recovery device 14 is disposed between
the end of the high pressure line 26 and the beginning of the low pressure line
28. Thus, the outlet side of the energy recovery device 14, the low pressure line
28 with the evaporator 16, and the inlet side of the compressor 18 generally
define a low-pressure zone of the refrigeration system 12. On the other hand, the
outlet side of compressor 18, the high pressure line 26 with the high-side heat
exchanger 20, and the inlet side of the energy recovery device 14 generally
define a high-pressure zone of the refrigeration system 12.

In another embodiment, the energy recovery device 14 is disposed
between the high pressure outlet of the compressor 18 and the inlet of the high-
side heat exchanger. In this configuration, the outlet side of an expansion valve
(arranged between an outlet of the high-side heat exchanger 20 and an inlet of
the evaporator 16), the inlet and outlet of the evaporator 16, and the inlet side of
the compressor 18 generally define a low-pressure zone of the refrigeration

system 12. On the other hand, the outlet side of compressor 18, the inlet and

11



10

15

20

WO 2016/130870 PCT/US2016/017647

outlet of the energy recovery device 14, the inlet and outlet of the high-side heat
exchanger 20 and the inlet of the expansion valve generally define a high-
pressure zone of the refrigeration system 12. Alternatively, the energy recovery
device 14 is disposed between the high pressure outlet of the compressor 18
and the inlet or outlet of the evaporator 16.

The evaporator 16 is a conventional element of the refrigeration system
12 and serves to absorb heat outside the evaporator 16. The evaporator 16 can
include a blower or fan which forces air past the evaporator 16 for improved heat
transfer. Heat in the moving air is in turn absorbed by low-pressure refrigerant
within the evaporator 16. Optimally, the refrigerant within the evaporator 16 is in
a liquid-vapor state and exits in the vapor state after absorbing heat. The low
pressure line 28 fluidly connects the energy recovery device 14 to the evaporator
16 and also fluidly connects the evaporator 16 to the compressor 18.

The compressor 18 is fluidly connected to the evaporator 16 to compress
low-pressure vapor refrigerant exiting the evaporator 16 to high-pressure vapor
refrigerant that is directed to the high-side heat exchanger 20. In other words,
the low-pressure refrigerant exiting the evaporator 16 is directed to the
compressor 18 via the low pressure line 28. The compressor 18 preferably
compresses the refrigerant in a conventional manner into high-pressure
refrigerant in the vapor state. The high-pressure refrigerant compressed by the
compressor 18 exits the compressor 18 via the high pressure line 26. Thus, the
high pressure line 26 is further fluidly connected to the high-side heat exchanger

20 in a conventional manner.

12
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As mentioned above, the high-side heat exchanger 20 is fluidly connected
to the compressor 18 to receive the high pressure refrigerant and dissipate heat
therefrom. The high-side heat exchanger 20 can include a blower or fan that
forces air past the high-side heat exchanger 20 for improved heat transfer.
Hence, the high-pressure refrigerant within the high-side heat exchanger 20 is
cooled by airflow in a conventional manner or by other means not shown here.
The cooled high-pressure refrigerant is then directed to the energy recovery
device 14 via the high pressure line 26. More specifically, the high-pressure
refrigerant drives the movable expander 21 and thus the generator 22, which is
coupled to the movable expander 21 via rotatable shaft 48. In this manner, the
mechanical energy of the refrigeration system is converted to electrical energy.

The refrigeration system 12 further includes a control unit 30 for
controlling the drive controller 23 (and thus the generator 22) based on the
operational state of the system. The control unit 30 is operatively connected to
the drive controller 23 to control the flow of power through the generator 22
based on, for example, pressure and temperature of the refrigerant. An effect of
such control of the generator 22 is that the flow rate of high pressure refrigerant
exiting the high-side heat exchanger 20 and entering the movable expander 21
of the energy recovery device 14 is also regulated, and energy losses produced
by the refrigeration system are recovered. The control unit 30 preferably includes
a microcomputer with a refrigeration control program that controls the
refrigeration system 12 in accordance with the refrigeration control program. The
control unit 30 also preferably includes other conventional components such as

an input interface circuit, an output interface circuit, and storage devices such as

13
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a ROM (Read Only Memory) device and a RAM (Random Access Memory)
device. It will be apparent to those skilled in the art from this disclosure that the
precise structure and algorithms for the control unit 30 can be any combination
of hardware and software that will carry out the functions of the air conditioning
or refrigeration system 12 as needed and/or desired.

In addition to the secondary function of controlling the drive controller 23
and generator 22, a primary function of the control unit 30 is to provide a cold
evaporator temperature that is at its setpoint, determined by the application,
while ensuring that the refrigerant entering the compressor 18 is in the vapor
phase. This facilitates good compression behavior at the compressor 18 and A/C
cooling performance. It is noted that while a separate drive controller 23 and
control unit 30 are shown, the features can be combined in a single controller,
e.g., within the drive controller 23 or within control unit 30, if desired.

A conventional user interface 32 is provided for allowing the user to input
the desired settings that the control unit 30 uses to operate the components of
the refrigeration system 12. In other words, the conventional user interface 32 is
operatively coupled to the control unit 30 for the user to control the operation of
the refrigeration system 12 in a conventional manner.

The refrigeration system 12 further includes a pressure sensor 34 and a
temperature sensor 36. The control unit 30 is operatively connected to the
pressure sensor 34 and the temperature sensor 36. The pressure sensor 34 and
the temperature sensor 36 are, for example, mounted to the low pressure line 28
downstream of the evaporator 16. The pressure sensor 34 detects refrigerant

pressure within the low pressure line 28. The temperature sensor 36 detects

14
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temperature within the low pressure line 28. Signals from the pressure sensor 34
and the temperature sensor 36 are processed by the control unit 30. In response
to measured pressure and/or temperature conditions, the control unit 30
regulates power flow through the generator 22 to maintain a desired pressure
condition within the low pressure line 28 and/or desired temperature proximate
the evaporator 16.

Novel aspects of the system may also be employed to CO.-based
refrigeration systems. With reference to FIG. 1B, illustrated is an exemplary
CO,-based refrigeration system that includes the energy recovery device 14, a
liquid/vapor tank 25 (also referred to as a flash gas separator), a valve 27, an
evaporator 16, a compressor 18 and a gas cooler (e.g., a high-side heat
exchanger or other cooling device) 20.

The compressor 18 is fluidly connected to an outlet of the evaporator 16
to compress low-pressure vapor refrigerant exiting the evaporator 16 to high-
pressure vapor refrigerant. The compressor 18 compresses the refrigerant in a
conventional manner into high-pressure refrigerant in the vapor state, which exits
the compressor 18 and is provided to the high-side heat exchanger 20. The
compressed refrigerant passes through the high-side heat exchanger 20 where it
is cooled. The cooled high-pressure refrigerant exits the high-side heat
exchanger 20 and is provided to an inlet of the energy recovery device 14 (e.g.,
an inlet of the movable expander) to drive the movable expander 21 and thus the
generator 22, which again is coupled to the movable expander 21 via rotatable
shaft 48. In this manner, the mechanical energy losses of the CO, refrigeration

system are converted to electrical energy. An outlet of the energy recovery

15
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device is fluidly connected to the liquid/vapor tank 25, where both vapor and
liquid are stored. Liquid exits a bottom portion of the liquid/vapor tank 25 and is
provided to an inlet of the evaporator 16. In addition, valve 27 is fluidly
connected between a top portion of the liquid/vapor tank 25 and the inlet of the
compressor 18, thereby allowing vapor to bypass the evaporator 16.

Turning now to FIGS. 2 to 6, the energy recovery device 14 of the
illustrated embodiment will now be discussed in more detail. In the illustrated
embodiment, the movable expander 21 is a gear expander which comes from a
class of gears known as epitrochoidial. The movable expander 21 has a housing
40 with a gear expander chamber 42 (best seen in Fig. 3), an inlet 44 and an
outlet 46. The inlet 44 fluidly connects the high pressure line 26 to the gear
expander chamber 42, while the outlet 46 fluidly connects the low pressure line
28 to the gear expander chamber 42. A rotatable output shaft 48 is rotatably
supported relative to the housing 40 by generator shaft bearings 50. In the
illustrated embodiment, the housing 40 includes a first housing part 40a and a
second housing part 40b, with the rotatable output shaft 48 protruding out of the
second housing part 40b for attachment to an input of the generator 22.

Inside the gear expander chamber 42, the movable expander 21 is
provided with an inner rotor 54, an outer rotor 56 and a flow control plate 58. The
rotatable output shaft 48 is fixedly connected to the inner rotor 54 so that they
rotate together as a single unit. The output shaft 48 extracts work from the
movement of the movable expander 21 due to the refrigerant phase change
and/or refrigerant pressure change in the movable expander 21, causing the

output shaft 48 to turn, which in turn drives generator 22. Basically, the output
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shaft 48 is configured and arranged to extract the work from rotational movement
of the inner rotor gear 54. In particular, the inner rotor 54 engages the outer rotor
56 such that inner rotor 54 rotates the output shaft 48 in response to a phase
change of the flow of refrigerant from the high pressure refrigerant at the inlet 44
to the low pressure refrigerant at the outlet 46. The inner rotor 54 and the outer
rotor 56 are disposed in the gear expander chamber 42 such that the inner rotor
54 has its axial end faces coplanar with respective axial end faces of the outer
rotor 56.

The outer rotor 56 is rotatably supported in the first housing part 40a by
an outer rotor bearing 60. Thus, the outer rotor 56 rotates inside of the first
housing part 40a. As seen in FIG. 5, the outer rotor 56 has an interior surface
that defines a gear-shaped inner cavity 62 comprising nine teeth. The inner rotor
54 is disposed within the gear-shaped inner cavity 62, with a rotation axis A1 of
the inner rotor 54 being offset from a rotation axis A2 of the outer rotor 56 such
that rotational movement of the outer rotor 56 drives the inner rotor 54. Since the
outer rotor 56 has nine teeth, the inner rotor 54 is provided with eight teeth.
Other gear configurations/ratios are possible, e.g., 4/5, 7/8. In other words, if the
outer rotor 56 has N number of teeth then the inner rotor 54 will have N-1
number of teeth. The teeth of the inner rotor 54 are meshed with the teeth of the
outer rotor 56 to divide the gear-shaped inner cavity 62 of the outer rotor 56 into
a plurality of isolated expansion cavities C1 to C8. As shown in in FIG. 6, the
contact points between the inner rotor 54 and the outer rotor 56 to divide the
gear-shaped inner cavity 62 into the isolated expansion cavities C1 to C8. Thus,

the inner rotor 54 and the outer rotor 56 are arranged to define the isolated

17



10

15

20

WO 2016/130870 PCT/US2016/017647

expansion cavities C1 to C8 that move as the inner rotor 54 and the outer rotor
56 rotate.

As the outer rotor 56 rotates, lobes of the outer rotor 56 that conform in
shape and size with the concave portions between the teeth of the inner rotor 54
make contact with the inner rotor 54 causing it to rotate. By connecting the inner
rotor 54 to the output shaft 48, work can be extracted from the refrigeration
system 12. The rotors 54 and 56 are oriented such that high pressure refrigerant
enters the gear-shaped inner cavity 62 between the outer rotor 56 and the inner
rotor 54 at the point where the volume between the rotors 54 and 56 is smallest.
Upon further rotation of the rotors 54 and 56, as the volume between the rotors
54 and 56 nears a maximum value, the refrigerant is allowed to expand before
exiting the housing 40. The rotors 54 and 56 are arranged within the gear
expander chamber 42 with respect to the axis of the output shaft 48 such that a
first axial side of the rotors 54 and 56 receives high pressure refrigerant entering
the gear expander chamber 42 of the movable expander 21 and such that the
first axial side of the rotors 54 and 56 discharges low pressure refrigerant exiting
the gear expander chamber 42 of the movable expander 21. However, it should
be understood that the rotors 54 and 56 could alternatively be arranged within
the gear expander chamber 42 such that high pressure refrigerant enters into
and exits from opposite axial sides of the rotors 54 and 56 (e.g., in conjunction
with a reversal of fluid direction).

The flow control plate 58 controls the flow refrigerant into and out of the
gear-shaped inner cavity 62 between the outer rotor 56 and the inner rotor 54. In

particular, the flow control plate 58 is fixed to the housing 40, and is basically
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provided with a first refrigerant input port 58a and a refrigerant output port 58b.
The first refrigerant input port 58a constitutes a first flow interface. The
refrigerant output port 58b constitutes a second flow interface. The second flow
interface (e.g., the refrigerant output port 58b) has a cross-sectional area that is
larger than a cross-sectional area of the first flow interface (e.g., the first
refrigerant input port 58a).

The first flow interface (e.g., the first refrigerant input port 58a) is disposed
between the inlet 44 of the housing 40 and the gear expander chamber 42.
Thus, the high pressure refrigerant continuously enters the gear expander
chamber 42 through the first flow interface during operation of the refrigeration
system 12 and as controlled by control unit 30.

The second flow interface (e.g., the refrigerant output port 58b) is
disposed between the outlet 46 of the housing 40 and the gear expander
chamber 42. Thus, the low pressure refrigerant exits the gear expander chamber
42 through the second flow interface. The refrigerant output port 58b is shaped
to give the refrigerant a maximum opportunity to exit the gear expander chamber
42 of the housing 40 before the rotors 54 and 56 come together again. In other
words, the refrigerant output port 58b is shaped to avoid recompressing the
expanded refrigerant. The second flow interface (e.g., the refrigerant output port
58b) spans at least two of the isolated expansion cavities C1 to C8 at a given
time such that low pressure refrigerant is discharged from the at least two of the
plurality of isolated expansion cavities C1 to C8 from the gear expander chamber

42 through the second flow interface (e.g., the refrigerant output port 58b).
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The first refrigerant input port 58a defines a flow path that permits
refrigerant to flow into the gear expander chamber 42. The first refrigerant input
port 58a at the first flow interface fluidly connects the inlet 44 of the housing 40
to the gear expander chamber 42 to deliver high pressure refrigerant to the gear
expander chamber 42. More specifically, the first refrigerant input port 58a is
arranged to continually deliver high pressure refrigerant to one of the plurality of
isolated expansion cavities.

Rotating surfaces of the gears and surfaces contacting the gears may or
may not have material enhancements to reduce wear and frictional loss, and
may or may not be formed from ceramic materials.

Referring now to Fig. 7, a schematic diagram is provided showing a
configuration of the energy recovery device 14 and control unit 30. More
specifically, the energy recovery device 14 includes the movable expander 21,
generator 22, drive controller 23, where a control unit 30 is operatively coupled
to the drive controller 23 of the energy recovery device 14. As described herein,
the movable expander 21 converts fluid energy in the refrigeration system into
mechanical power (e.g., rotational mechanical power). The generator shaft is
connected to the inner rotor of the movable expander of the movable expander
21, and a second end coupled to an input shaft of the generator 22. As the
movable expander 21 provides the rotational mechanical energy to the generator
22, the generator 22 produces electrical power. The drive controller 23 or the
like is electrically connected to the generator 22, which may be an AC or DC
machine, and regulates the electrical power output by the generator 22. In

addition the control unit 30 regulates the drive controller 23 based on system
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input. The drive controller 23 can regenerate power provided by the generator to
an AC or DC bus for use by other devices, such as fans, blowers, compressors,
heaters, lights, etc., as shown in Fig. 8. Alternatively or additionally, the
electrical power may be stored for future use (e.g., in a battery), and/or sold back
to the power company.

Preferably, the generator 22 and/or drive controller 23 are hermetically
sealed (as shown in Figs. 1 and 2), and the drive controller is an AC or DC
variable speed four-quadrant drive controller that has regeneration capability
during overhauling operation. The drive controller 23 may employ conventional
power devices, such as SCRs, IGBTs, and the like, and is operatively coupled to
the control unit 30 that controls operation of the power devices to regulate power
produced by the generator 22 and thus the load placed on the movable
expander 21. The drive controller 23 preferably includes a microcomputer with a
drive control program that controls the power devices in accordance with the
drive control program. The drive controller 23 also preferably includes other
conventional components such as an input interface circuit, an output interface
circuit, and storage devices such as a ROM (Read Only Memory) device and a
RAM (Random Access Memory) device. It will be apparent to those skilled in the
art from this disclosure that the precise structure and algorithms for the controller
can be any combination of hardware and software that will carry out drive control
functions as needed and/or desired.

Exemplary drive controllers that may be utilized include Texas
Instruments TMS320C242 or Freescale an1914. The drive controller 23 may or

may not be sensorless, may or may not use current feedback control, may or
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may not use encoder feedback control, may or may not use hall sensor feedback
control, may or may not use V/Hz control, and may or may not use back EMF
control.

In operation, the drive controller 23 is configured to regulate (maintain)
generator speed during an overhauling condition. As the speed of the generator
22 is regulated, a speed of the movable expander 21, via the mechanical
coupling between the generator 22 and movable expander 21, is also regulated.
Such speed regulation of the movable expander 21 can be used to control
refrigerant mass flow, refrigeration cycle control points (e.g., evaporator super
heat, hot gas flow from compressor discharge, evaporator defrost, pressure set
points, or other applicable points).

Referring now to FIGS. 9 and 10, flow diagrams 100 and 200 illustrating
exemplary methods for generating a speed reference signal for controlling a
speed of the generator 22 based on refrigerant super heat (FIG. 9) and
refrigerant pressure (FIG. 10). The flow diagrams include a number of process
blocks arranged in a particular order. As should be appreciated, many
alternatives and equivalents to the illustrated steps may exist and such
alternatives and equivalents are intended to fall with the scope of the claims
appended hereto. Alternatives may involve carrying out additional steps or
actions not specifically recited and/or shown, carrying out steps or actions in a
different order from that recited and/or shown, and/or omitting recited and/or
shown steps. Alternatives also include carrying out steps or actions concurrently

or with partial concurrence.
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Beginning with the method of Fig. 9, at step 102 the super heat of the
refrigerant in the system 12 is calculated. Calculation of the refrigerant super
heat may be performed using conventional techniques known by the person
having ordinary skill in the art. For example, the pressure at the output of the
evaporator 16 may be measured using pressure sensor 34, and the temperature
corresponding to the measured pressure can be determined from pressure-
temperature tables for the particular refrigerant. Also, the actual temperature of
the refrigerant at the output of the evaporator 16 may be measured using
temperature sensor 36. The refrigerant super heat then may be determined
based on the difference between the measured temperature and the
temperature derived from the pressure measurement. Alternatively, the
superheat may be determined based on two temperature measurements, one at
the inlet of the evaporator, the other at the exit.

Next at block 104 the super heat as calculated at block 102 may be
compared to a high super heat threshold. Such high super heat threshold may
be stored in memory of the control unit 30, for example, and/or may be settable
via user interface 32. If at block 106 the calculated super heat is greater than
the high super heat threshold, the method moves to block 108 where the
generator speed reference is increased. Such increase, for example, may be an
incremental increase (e.g., a predetermined step). Upon increasing the
generator speed reference, the method moves to block 102 and repeats.

Moving back to block 106, if the calculated refrigerant super heat is not
greater than the high super heat threshold, the method moves to block 110

where the calculated refrigerant super heat is compared to a low super heat
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threshold. Like the high super heat threshold, the low super heat threshold may
be stored in memory of the control unit 30 and/or settable via user interface 32.

If the calculated refrigerant super heat is less than the low super heat threshold,
the method moves to block 114 where the generator speed reference is
decreased, for example, by a predetermined step. The method then moves back
to block 102 and repeats.

Moving back to block 112, if the calculated refrigerant super heat is not
less than the low super heat threshold, the method moves to block 116 where
the generator speed reference is maintained at its present value. The method
then moves back to block 102 and repeats.

Accordingly, by implementing the method illustrated in Fig. 9 the optimal
energy from the system may be extracted while maintaining the refrigerant super
heat at a desired value.

Referring briefly to FIG. 10, this illustrates another method for generating
a speed reference for the generator 22. The method of FIG. 10 is similar to the
method of FIG. 9 and therefore only the differences will be discussed.

The method of FIG. 10 generates a speed reference for the generator 22
based on refrigerant pressure. Thus, at block 202 the refrigerant pressure is
determined, for example, from a measurement made by pressure sensor 34.
The remainder of the method in FIG. 10 is the same as that of FIG. 9 except that
the high and low thresholds correspond to refrigerant pressure instead of
refrigerant super heat.

Referring now to FIG. 11, illustrated is a control block diagram 300

showing a simple speed regulator 302 for regulating the speed of the generator
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22, and a speed reference generator 304 for generating the speed reference
used by the speed regulator 302.

The speed reference generator 304 creates a speed reference in a
manner similar to that described in FIGS. 9 and 10. However, instead of
incrementing/decrementing the speed reference signal the regulator of Fig. 11
implements a proportional-plus-integral (P1) controller to provide enhanced
operation. For example, a refrigerant super heat setpoint or a refrigerant
pressure setpoint may be entered at block 306, for example, by a user through
the user interface 32. In this regard, the user may simply type in the desired
refrigerant super heat setpoint or refrigerant pressure setpoint using a keypad,
touch screen, or the like on the user interface 32. The actual refrigerant super
heat or refrigerant pressure may be determined at block 308 as described with
respect to FIGS. 9 and 10, e.g., by pressure and/or temperature measurement of
the refrigerant using pressure and temperature sensors 34 and 36. An error
signal then is calculated at the output of summing junction 310 based on the
difference between the refrigerant setpoint value and the refrigerant feedback
value. The error signal is provided to a proportional-plus-integral (P1) controller
312, which outputs a speed reference signal for the generator 22 based on a
combination of a proportional component and an integral component. In this
regard, the Pl controller 312 may apply a proportional gain Kp to the error signal
to generate the proportional component, and an integral gain Ki to an integrator
that integrates the error signal to generate the integral component. While a Pl
controller is illustrated, other types of controllers may be implemented without

departing from the scope of the invention.
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The generator speed reference as output by the speed reference
generator 304 is provided to the speed regulator 302 at block 314. The speed
regulator 302 operates in a manner similar to that of the speed reference
generator 304. In this regard, a speed feedback signal is determined at block
316, for example, based on a speed feedback device coupled to the shaft 48 of
the generator 22. The speed feedback device may be a tachometer, an
encoder, a resolver, or any other device that may be used to provide data
indicative of generator speed. While use of a speed feedback device is
discussed, other methods of determining the speed may be used without
departing from the scope of the invention. For example, the speed of the
generator may be inferred based one or more of measured generator voltage,
field current, generator frequency, etc.

An error signal is provided at the output of summing junction 318 based
on a difference between the speed reference signal and the speed feedback
signal. The error signal from the summing junction 318 then is provided to Pl
controller 320, which generates, for example, a current reference signal based
on a combination of a proportional component and an integral component as
discussed above with respect to the speed reference generator 304. The current
reference signal at block 322 then is provided to the drive controller 23. The
drive controller 23 regulates the current output of the generator 22 based on the
provided current reference signal. In this regard, the current (and thus the load
on the generator 22) is varied to regulate the desired parameter (e.g., refrigerant
super heat, refrigerant pressure, flow, etc.) while recovering energy from the

system.
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While only selected embodiments have been chosen to illustrate the
present invention, it will be apparent to those skilled in the art from this
disclosure that various changes and modifications can be made herein without
departing from the scope of the invention as defined in the appended claims. For
example, the size, shape, location or orientation of the various components can
be changed as needed and/or desired. Components that are shown directly
connected or contacting each other can have intermediate structures disposed
between them.

The functions of one element can be performed by two, and vice versa.
The structures and functions of one embodiment can be adopted in another
embodiment. It is not necessary for all advantages to be present in a particular
embodiment at the same time. Every feature which is unique from the prior art,
alone or in combination with other features, also should be considered a
separate description of further inventions by the applicant, including the
structural and/or functional concepts embodied by such features. The terms of
degree such as "substantially", "about" and "approximately" as used herein
mean a reasonable amount of deviation of the modified term such that the end
result is not significantly changed. Thus, the foregoing descriptions of the
embodiments according to the present invention are provided for illustration only,

and not for the purpose of limiting the invention as defined by the appended

claims and their equivalents.
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CLAIMS

1. A refrigeration system comprising:

at least one evaporator;

at least one compressor fluidly connected to the at least one evaporator to
compress low-pressure refrigerant vapor exiting the at least one evaporator to
high-pressure vapor refrigerant;

at least one high-side heat exchanger fluidly connected to the at least one
compressor to receive the high pressure refrigerant vapor and dissipate heat
therefrom:

an energy recovery device configured to extract work from the high
pressure refrigerant flowing therethrough, the energy recovery device including a
gear expander, a generator and a controller,

the gear expander having a fluid inlet, a fluid outlet in fluid communication
with the fluid inlet, and a mechanical power output for outputting mechanical
power created by fluid passing between the fluid inlet and fluid outlet, the fluid
inlet arranged between a high pressure output of the at least one compressor
and an inlet of the at least one evaporator,

the generator mechanically coupled to the gear mechanical power output
and operative to convert mechanical power produced by the gear to electrical
power, and

the controller operatively coupled to the generator, the controller
configured to regulate a speed of the generator to control electrical power

produced by the generator.
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2. The system as set forth in claim 1, wherein the controller is configured to
regulate a load placed on the gear expander based on at least one of refrigerant

mass flow or refrigeration cycle control.

3. The system according to any one of claims 1-2, where the controller is

configured to control parameters of the refrigeration cycle.

4. . The system according to any one of claims 1-3 , wherein the controller is
configured to regulate the speed of the generator based on at least one of
refrigerant superheat, hot gas flow from the compressor discharge, flash gas

separation, flash gas cooling, or evaporator defrost.

. The system as set forth in any one of claims 1-4, wherein the controller is
configured to control a flow rate of high pressure vapor refrigerant exiting the at
least one high-side heat exchanger and entering the energy recovery device

based on at least one of pressure and temperature of the refrigeration system.

6. The system as set forth in any one of claims 1-5, wherein the gear
expander fluid inlet is fluidly connected to an outlet of the at least one high-side
heat exchanger to receive high pressure refrigerant exiting the at least one high-
side heat exchanger, and the gear expander fluid outlet is fluidly connected to an

inlet of the at least one evaporator to deliver low pressure refrigerant thereto.
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7. The system as set forth in any one of claims 1-5, wherein the gear
expander fluid inlet is fluidly connected to an outlet of the at least one
compressor to receive high pressure vapor refrigerant exiting the at least one
compressor, and the gear expander fluid outlet is fluidly connected to an inlet or

an outlet of the at least one evaporator.

8. The system as set forth in any one of claims 1-5, wherein the gear
expander fluid inlet is fluidly connected to an outlet of the at least one high-side
heat exchanger, and a gear expander fluid outlet is fluidly connected to an inlet

of a flash gas separator or directly to the at least one evaporator.

9. The system as set forth in any one of claims 1-8, wherein the controller is
configured to regenerate electrical power produced by the generator to an AC or

DC electrical bus.

10.  The system as set forth in any one of claims 1-9, wherein the controller

comprises a variable speed drive controller.

11.  The system according to any one of claims 1-10 wherein the generator is

hermetically sealed.

12.  The system as set forth in any one of claims 1-11, wherein a chamber of
the gear expander includes an inner rotor and an outer rotor, a rotation axis of

the inner rotor being offset from a rotation axis of the outer rotor such that

30



10

15

20

WO 2016/130870 PCT/US2016/017647

rotational movement of the outer rotor drives the inner rotor, the inner rotor

defining the output of the gear expander.

13. The system as set forth in claim 12, wherein the energy recovery device
further includes a rotatable shaft connected to the inner rotor of the gear

expander.

14. The system as set forth in claim 13, wherein the rotatable shaft of the energy
recovery device is configured and arranged to extract work from rotational

movement of the inner rotor.

15. The system as set forth in any one of claims 13-14, wherein the inner rotor
rotates the rotatable shaft in a first direction about a center rotational axis of the
rotatable shaft in response to at least one of a phase change or a pressure
change of the flow of a refrigerant from the high pressure refrigerant at the inlet

to the low pressure refrigerant at the outlet.

16. The system as set forth in any one of claims 12-15, wherein the energy
recovery device further includes a rotatable shaft connected to the outer rotor of

the gear expander.

17. The system as set forth in claim 16, wherein the rotatable shaft of the energy
recovery device is configured and arranged to extract the work from rotational

movement of the outer rotor.
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18. The system as set forth in any one of claims 16-17, wherein the outer rotor
rotates the rotatable shaft in a first direction about a center rotational axis of the
rotatable shaft in response to at least one of a phase change or a pressure

change of the flow of a refrigerant from the high pressure refrigerant at the inlet

to the low pressure refrigerant at the outlet.

19. The system as set forth in any one of claims 1-18, further comprising a
control unit operatively connected to the controller, wherein control of the

generator is performed in at least one of the control unit or the controller.

20.  The system according to any one of claims 1-19, wherein the gear

expander comprises ceramic components.

21.  The system according to claim 20, wherein the outer rotor and the inner

rotor of the gear expander are formed from ceramic material.

22.  The system according to any one of claims 1-21, wherein components of

the gear expander comprise friction-reducing coatings.

23. A method for recovering energy from a refrigeration system that includes
at least one evaporator, at least one compressor fluidly connected to the at least
one evaporator to compress low-pressure refrigerant vapor exiting the at least

one evaporator to high-pressure vapor refrigerant, at least one high-side heat
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exchanger fluidly connected to the at least one compressor to receive the high
pressure refrigerant vapor and dissipate heat therefrom, an energy recovery
device configured to extract work from the high pressure refrigerant flowing
therethrough, the energy recovery device including a gear expander, a generator
and a controller, the gear expander having a fluid inlet, a fluid outlet in fluid
communication with the fluid inlet, and a mechanical power output for outputting
mechanical power created by fluid passing between the fluid inlet and fluid
outlet, the fluid inlet arranged between a high pressure output of the at least one
compressor and an inlet of the at least one evaporator, the generator
mechanically coupled to the gear mechanical power output and operative to
convert mechanical power produced by the gear to electrical power, the method
comprising regulating, via the controller, a speed of the generator to control

electrical power produced by the generator.

24.  The method as set forth in claim 23, wherein regulating includes
regulating a load placed on the gear expander based on at least one of

refrigerant mass flow or refrigeration cycle control.

25.  The method according to any one of claims 23-24 , wherein regulating
includes regulating the speed of the generator based on at least one of
refrigerant superheat, hot gas flow from the compressor discharge, flash gas

separation, flash gas cooling, or evaporator defrost.
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26. The method as set forth in any one of claims 23-25, wherein regulating
includes controlling a flow rate of high pressure vapor refrigerant exiting the at
least one high-side heat exchanger and entering the energy recovery device

based on at least one of pressure change or pressure and temperature of the

refrigeration system.
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