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GENERATING ENERGY FROM FLUID EXPANSION

TECHNICAL FIELD

[0001] This document relates to the operation of a fluid expansion system, including some
systems that comprise a multi-stage turbine apparatus to generate energy from fluid

expansion.
BACKGROUND

[0002] A number of industrial processes create heat as a byproduct. In some circumstances,
this heat energy is considered “waste” heat that is dissipated to the environment. Exhausting
or otherwise dissipating this “waste” heat generally hinders the recovery of this heat energy

for conversion into other useful forms of energy, such as electrical energy.
SUMMARY

[0003] In some embodiments, a turbine generator apparatus may include an electric generator
having a stator and a rotor. The turbine generator apparatus may also include a first turbine
wheel coupled to a first end of the rotor to rotate at the same speed as the rotor. The first
turbine wheel may be configured to receive a working fluid into an inlet side of the first
turbine wheel and output the working fluid from an outlet side of the first turbine wheel, and
rotate in response to expansion of the working fluid flowing from the inlet side to the outlet
side of the first turbine wheel. The turbine generator apparatus may also include a second
turbine wheel coupled to a second end of the rotor, opposite the first end of the rotor, to rotate
at the same speed as the rotor. The second turbine wheel may be configured to receive the
working fluid into an inlet side of the second turbine wheel and output the working fluid from
an outlet side of the second turbine wheel, and rotate in response to expansion of the working

fluid flowing from the inlet side to the outlet side of the second turbine wheel.

[0004] In some embodiments, a generator system for use in a Rankine cycle may include a
liquid reservoir for a working fluid of the Rankine cycle. The system may also include a
pump device coupled to the liquid reservoir to receive the working fluid from the liquid
reservoir and an evaporator heat exchanger also coupled to the pump device to receive the
working fluid from the pump and apply heat to the working fluid. The system also includes a

turbine generator apparatus coupled to the evaporator heat exchanger to receive the working
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fluid from the evaporator heat exchanger and configured to generate electrical energy in
response to expansion of the working fluid. The turbine generator apparatus may include an
electric generator having a stator and a rotor. The turbine generator apparatus may also
include a first turbine wheel coupled to a first end of the rotor to rotate at the same speed as
the rotor. The first turbine wheel may be configured to receive a working fluid into an inlet
side of the first turbine wheel and output the working fluid from an outlet side of the first
turbine wheel, and rotate in response to expansion of the working fluid flowing from the inlet
side to the outlet side of the first turbine wheel. The turbine generator apparatus also includes
a second turbine wheel coupled to a second end of the rotor, opposite the first end of the
rotot, to rotate at the same speed as the rotor. In certain instances, the second turbine wheel
may be configured to receive the working fluid into an inlet side of the second turbine wheel
and output the working fluid from an outlet side of the second turbine wheel and rotate in
response to expansion of the working fluid flowing from the inlet side to the outlet side of the
second turbine wheel. The system also may include as part of the Rankine cycle a condenser
heat exchanger coupled to the turbine generator apparatus to receive the working fluid from

the turbine generator apparatus and extract heat from the working fluid.

[0005] In some embodiments, a method of circulating a working fluid through a working
cycle may include vaporizing the working fluid. The method may also include receiving at
least a part of the vaporous working fluid into an inlet side of a first turbine wheel and an
inlet side of a second turbine wheel. The first and second turbine wheels may be rotated in
response to expansion of the working fluid through the turbine wheels, and in turn may rotate
a rotor of a generator at the same speed as the first and second turbine wheels. The method
may also include outputting the working fluid from an outlet side of the first turbine wheel

and an outlet side of the second turbine wheel, and condensing the working fluid to a liquid.

[0006] In certain instances of the embodiments, the first turbine wheel is configured to
receive the working fluid radially into the inlet side of the first turbine wheel and output the

working fluid axially from the outlet side of the first turbine wheel.

[0007] In certain instances of the embodiments, the second turbine wheel is configured to
receive the working fluid radially into an inlet side of the second turbine wheel and output the

working fluid axially from the outlet side of the second turbine wheel.
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[0008] In certain instances of the embodiments, the first turbine wheel may be configured to
direct at least part of the working fluid from the outlet side of the first turbine wheel through

the electric generator.

[0009] In certain instances of the embodiments, the second turbine wheel may be configured
to direct the at least part of the working fluid from the outlet side of the second turbine wheel

through the electric generator.

[0010] In certain instances of the embodiments, the inlet side of the second turbine wheel is
proximate the electric generator, the apparatus further comprising a conduit configured to
direct the at least part of the working fluid from an outlet of the electric generator to the inlet

side of the second turbine wheel.

[0011] In certain instances of the embodiments, the electric generator is arranged proximate

the inlet side of the first turbine wheel.

[0012] In certain instances of the embodiments, the electric generator is arranged proximate

the inlet side of the second turbine wheel.

[0013] In certain instances of the embodiments, the secondturbine wheel is configured to
receive the working fluid into the inlet side of the second turbine wheel from the outlet side

of the first turbine wheel.

[0014] In certain instances of the embodiments, the rotor is directly coupled to the first

turbine wheel.

[0015] In certain instances of the embodiments, the apparatus is configured so that the first

turbine wheel receives the same working fluid as the second turbine wheel.

[0016] In certain instances of the embodiments, the rotor and the turbine wheel are coupled

to rotate together without a gear box.

[0017] In certain instances of the embodiments, the electric generator may include at least

one magnetic bearing supporting the rotor relative to the stator.

[0018] In certain instances of the embodiments, the first turbine wheel is configured to
receive the working fluid radially into the inlet side of the first turbine wheel and output the

working fluid axially from the outlet side of the first turbine wheel.
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[0019] In certain instances of the embodiments, the Rankine cycle is an organic Rankine

cycle.

[0020] In certain instances of the embodiments, receiving the vaporous working fluid into an
inlet of the first turbine wheel may include receiving the vaporous working fluid into a radial
inlet of the first turbine wheel and outputting the working fluid from an outlet side of the first
turbine wheel comprises outputting the working fluid axially from the outlet side of the first

turbine wheel.

[0021] In certain instances of the embodiments, rotating the rotor may include rotating a shaft

common to the first turbine wheel and the rotor.

[0022] In certain instances of the embodiments, the shaft is connected to the second turbine

wheel.

[0023] In certain instances of the embodiments, the first and second turbine wheels are

affixed directly to the rotor.
DESCRIPTION OF THE DRAWINGS

[0024] FIG. 1 is a cross-sectional view of a turbine generator apparatus in accordance with

the present disclosure.

[0025] FIG. 2 is a schematic of an electrical power generation system incorporating a turbine

generator apparatus, in accordance with the present disclosure.

[0026] FIG. 3A is a schematic of a closed loop cycle incorporating a turbine generator

apparatus in accordance with the present disclosure.

[0027] FIG. 3B is a continuation of the schematic of FIG. 3A showing a closed loop cycle

incorporating a turbine generator apparatus in accordance with the present disclosure.

[0028] FIG. 4 is a process tflow diagram showing one example operation of a turbine

generator consistent with the present disclosure.

[0029] FIG. 5 is an alternate process flow diagram showing one example operation of a

turbine generator consistent with the present disclosure.
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[0030] FIG. 6 is another alternate process flow diagram showing one example operation of a

turbine generator consistent with the present disclosure
DETAILED DESCRIPTION

[0031] A turbine generator apparatus generates electrical energy from rotational kinetic
energy derived from expansion of a gas through a turbine wheel. For example, rotation of the
turbine wheel can be used to rotate a magnetic rotor within a stator, which then generates
electrical energy. The generator resides on the inlet side of the turbine wheel, and in certain

instances is isolated from contact with the gas.

[0032] Referring to FIG. 1, an electric power generation system may comprise a turbine
generator apparatus 100 in which electricity is generated from expansion of a working fluid.
The turbine generator apparatus 100 can be part of a closed system, such as a Rankine cycle,
organic Rankine cycle or the like, in which a pressurized and heated working fluid is
permitted to expand and release energy in the turbine generator apparatus 100. The turbine
generator apparatus of FIG. 1 includes two expander stages (e.g., turbine expander stages),
each of which rotates upon expansion of the working fluid flowing from its inlet side to its
outlet side. For example, the heated and pressurized working fluid may enter the turbine
generator apparatus 100 through a first inlet conduit 104, and after expanding, exit the turbine
generator apparatus 100 through a first outlet conduit 125. Likewise, the working fluid may
enter the turbine generator apparatus 100 through a second inlet conduit 105, and after

expanding, exit the turbine generator apparatus 100 through a second outlet conduit 127.

[0033] The turbine wheel 120 is shown as a radial inflow turbine wheel configured to rotate
as the working fluid expands through the turbine wheel 120. The working fluid flows from
the inlet conduit 104 into a radial inlet 106 of the turbine wheel 120, and flows from an axial
outlet 126 of the turbine wheel 120 to the outlet conduit 125. The turbine wheel 120 is
contained in a turbine housing 108. In certain instances, the turbine wheel 120 is a shrouded
turbine wheel. In other embodiments, the shroud can be omitted and the turbine wheel 120
can substantially seal against the interior of the turbine housing 108. Different configurations
of turbine wheels can be used. For example, in embodiments, the turbine wheel may be an
axial inflow turbine having either a radial or axial outlet. In addition, the turbine wheel may
be single-stage or multi-stage. The turbine wheel 120 is coupled to a rotor 130 of a generator

160. As such, the turbine wheel 120 is driven to rotate by the expansion of the working fluid,
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and in turn, the rotor 130 (including the magnets 150) rotates in response to the rotation of the

turbine wheel 120.

[0034] The turbine generator apparatus 100 of FIG. 1 also includes a turbine wheel 121, also
illustrated as a radial inflow turbine wheel, though other configurations are contemplated by
this disclosure. The turbine wheel 121 is configured to rotate as the working fluid expands
through the turbine wheel 121. The working fluid may flow from an inlet conduit 105 into a
radial inlet 107 of the turbine wheel 121, and flows from an axial outlet 128 of the turbine
wheel 121 to the outlet conduit 127. Different configurations of turbine wheels can be used.
For example, in embodiments, the turbine wheel may be an axial inflow turbine having either
a radial or axial outlet. In addition, the turbine wheel may be single stage or multi-stage. The
turbine wheel 121 is coupled to rotor 130. As such, the turbine wheel 121 is driven to rotate
by the expansion of the working fluid, and in turn, the rotor 130 (including the magnets 150)
rotates in response to the rotation of the turbine wheel 121 If working fluid is expanded
through both turbine wheels 120 and 121, the turbine wheels 120 and 121 can cooperate to
rotate the rotor 130.

[0035] The turbine generator apparatus 100 of FIG. 1 shows the outlets 126 and 128
configured to direct the working fluid away from the rotor 130, with the inlet conduits 104
and 105 residing next to or proximate the generator 160. In certain embodiments, one or both
of the turbine wheels 120 or 121 could be oriented such that its respective inlet conduit 104
or 105 resides away from the generator 160 and its respective outlet conduit 125 or 127 is
next to or in fluid communication with the generator 160. Further, outlet conduit 125 may be
in fluid communication with inlet conduit 105 to direct the working fluid from the outlet
conduit 125 of turbine wheel 120 to the inlet conduit 105 of turbine wheel 121 (e.g., by
directing the working fluid or some part thereof through the generator or by directing the

working fluid or some part thereof around the generator).

[0036] In some embodiments, the working fluid (or some part of the working fluid) is
directed from the outlet of a turbine wheel into the generator. The working fluid may pass
through the generator before entering the inlet of the second turbine wheel. In certain
instances of the embodiments, the turbine may include a flow diverter to redirect the flow
from the generator to a radial inlet of the turbine for radial inflow turbine wheels.

Alternatively, the turbine wheel may be an axial turbine wheel and may receive the working
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fluid from the electric generator. The working fluid may cool the generator or parts of the

generator, such as the rotor and/or the stator.

[0037] In certain instances, one or both of the turbine wheels 120 and 121 are directly affixed
to the rotor 130, or to an intermediate common shaft 102, for example, by fasteners, rigid
drive shaft, welding, or other manner. For example, the turbine wheel 120 may be received
over an end of the rotor 130, and held to the rotor 130 with a shaft 102. The shaft 102 threads
into the rotor 130 at one end, and at the other, captures the turbine wheel 120 between the end
of rotor 130 and a nut 131 and 132 threadingly received on the shaft 102. The turbine wheel
120 and rotor 130 are coupled without a gearbox and rotate at the same speed. In other
instances, the turbine wheel 120 can be indirectly coupled to the rotor 130, for example, by a

gear train, clutch mechanism, or other manner.

[0038] Turbine housings 108 and 109 are affixed to a generator casing 103 that contains the
rotor 130, as well as a stator 162 of the generator 160. Circumferential seals 110 and 111 are
provided to seal between the turbine wheels 120 and 121 and the interior of the casing 103.
Seals 110 and 111 provide leakage control and contribute to thrust balance. In some
embodiments, a pressure in cavities 114 and 116 may be applied to balance thrust. Pressure
may be applied using a balance piston or by other techniques known to those of skill in the
art. In addition, tight shaft seals 113A and 113B are provided to prevent passage of working
fluid in and around the turbine wheels 120 and 121, respectively, into the interior of the
generator 160. The shaft seals 113A and 113B isolate the rotor 130 and the stator 162 from
contact with the working fluid, and may be disposed between cavities 114 and 116,

respectively, and the generator 160.

[0039] As shown in FIG. 1, bearings 115 and 145 are arranged to rotatably support the rotor
130 and turbine wheel 120 relative to the stator 162, and the generator casing 103. The
turbine wheel 120 is supported in a cantilevered manner by the bearings 115 and 145. In
embodiments, the turbine wheel 120 may be supported in a non-cantilevered manner and
bearings 119 and 149 may be located on the outlet side of turbine wheels 120 and 121. In
certain instances, one or more of the bearings 115 or 145 can include ball bearings, needle
bearings, magnetic bearings, foil bearings, journal bearings, or others. The bearings 115 and
145 need not be the same types of bearings. In certain instances, the bearings 115 and 145
comprise magnetic bearings. U.S. Pat. No. 6,727,617 assigned to Calnetix, Inc. describes

bearings suitable for use as bearings 115 and 145. Bearing 115 is a combination radial and
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thrust bearing, supporting the rotor 130 in radial and axial directions. Bearing 145 is a radial

bearing, supporting the rotor 130 radially. Other configurations could be utilized.

[0040] In the embodiments in which the bearings 115 and 145 are magnetic bearings, the
turbine generator apparatus 100 may include one or more backup bearings. For example, at
start-up and shut down or in the event of a power outage that affects the operation of the
magnetic bearings 115 and 145, first and second backup bearings 119 and 149 may be
employed to rotatably support the turbine wheel 120 during that period of time. The first and
second backup bearings 119 and 149 may comprise ball bearings, needle bearings, journal
bearings, or the like. In certain instances, the first backup bearing 119 includes ball bearings
that are arranged near the first magnetic bearing 115. Also, the second backup bearing 149
includes ball bearings that are arranged near the second magnetic bearing 145. Thus, in
certain instances, even if the first and second bearings 115 and 145 temporarily fail (e.g., due
to an electric power outage or other reason), the first and second backup bearings 119 and

149 would continue to support the turbine wheels 120 and 121 and the rotor 130.

[0041] The turbine generator apparatus 100 is configured to generate electricity in response
to the rotation of the rotor 130. In certain instances, the rotor 130 can include one or more
permanent magnets 150. The stator 162 includes a plurality of conductive coils. Electrical
current is generated by the rotation of the magnet 150 within the coils of the stator 162. The
rotor 130 and stator 162 can be configured as a synchronous, permanent magnet, multiphase
AC generator. In certain instances, stator 162 may include coils 164. When the rotor 130 is
rotated, a voltage is induced in the stator coil 164. At any instant, the magnitude of the
voltage induced in coils 164 is proportional to the rate at which the magnetic field encircled
by the coil 164 is changing with time (i.e., the rate at which the magnetic field is passing the
two sides of the coil 164). In instances where the rotor 130 is coupled to rotate at the same
speed as the turbine wheel 120, the turbine generator apparatus 100 is configured to generate
electricity at that speed. Such a turbine generator apparatus 100 is what is referred to as a

“high speed” turbine generator.

[0042] Referring now to FIG. 2, embodiments of the turbine generator apparatus 100 can be
used in a Rankine cycle 200 that recovers waste heat from one or more industrial processes.
For example, the Rankine cycle 200 may comprise an organic Rankine cycle that employs an
engineered working fluid to receive waste heat from a separate process. In certain instances,

the working fluid may be a refrigerant (e.g., an HFC, CFC, HCFC, ammonia, water, or other
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refrigerant), such as, for example, R245fa. As such, the turbine generator apparatus 100 can
be used to recover waste heat from industrial applications and then to convert the recovered
waste heat into electrical energy. Furthermore, the heat energy can be recovered from geo-
thermal heat sources and solar heat sources. In some circumstances, the working fluid in
such a Rankine cycle 200 may comprise a high molecular mass organic fluid that is selected
to efficiently receive heat from relatively low temperature heat sources. Although the turbine
generator apparatus 100 and other components are depicted in the Rankine cycle 200, it
should be understood from the description herein that some components that control or direct

fluid flow are excluded from view in FIG. 2 merely for illustrative purposes.

[0043] In certain instances, the turbine generator apparatus 100 can be used to convert heat
energy from a heat source into kinetic energy (e.g., rotation of the rotor), which is then
converted into electrical energy. For example, the turbine generator apparatus 100 may
output electrical power that is configured by a power electronics package to be in form of 3-
phase 60 Hz power at a voltage of about 400 VAC to about 480 VAC. Alternative
embodiments may output electrical power having other selected settings. In certain instances,
the turbine generator apparatus 100 may be configured to provide an electrical power output
of about 2 MW or less, about 50 kW to about 1 MW, and about 100 kW to about 300 kW,
depending upon the heat source in the cycle and other such factors. Again, alternative
embodiments may provide electrical power at other power outputs. Such electrical power can
be transferred to a power electronics system and, in certain instances, to an electrical power

grid system.

[0044] The Rankine cycle 200 may include a pump device 30 that pumps the working fluid.
The pump device 30 may be coupled to a liquid reservoir 20 that contains the working fluid,
and a pump motor 35 can be used to operate the pump. The pump device 30 may be used to
convey the working fluid to an evaporator heat exchanger 65 of the Rankine cycle 200.
Evaporator heat exchanger 65 may receive heat from a heat source 60. As shown in FIG. 2,
the heat source 60 may include heat that is recovered from a separate process (e.g., an
industrial process in which heat is byproduct). Some examples of heat source 60 include
commercial exhaust oxidizers (e.g., a fan-induced draft heat source bypass system, a boiler
system, or the like), refinery systems that produce heat, foundry systems, smelter systems,
landfill flare gas and generator exhaust, commercial compressor systems, solar heaters, food

bakeries, geo-thermal sources, solar thermal sources, and food or beverage production
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systems. In such circumstances, the working fluid may be directly heated by the separate
process or may be heated in a heat exchanger in which the working fluid receives heat from a
byproduct fluid of the process. In certain instances, the working fluid can cycle through the
heat source 60 so that all or a substantial portion of the fluid is converted into gaseous state.

Accordingly, the working fluid is heated by the heat source 60.

[0045] Typically, working fluid at a low temperature and high pressure liquid phase from the
pump 30 is circulated into one side of the economizer 50 while working fluid at a high
temperature and low pressure vapor phase is circulated into another side of the economizer 50
with the two sides being thermally coupled to facilitate heat transfer therebetween. Although
illustrated as separate components, the economizer 50 may be any type of heat exchange
device, such as, for example, a plate and frame heat exchanger or a shell and tube heat

exchanger or other device.

[0046] The evaporator heat exchanger 65 may also be a plate and frame heat exchanger. The
evaporator may receive the working fluid from the economizer 50 at one side and receive a
supply thermal fluid at another side, with the two sides of the evaporator heat exchanger 65
being thermally coupled to facilitate heat exchange between the thermal fluid and working
fluid. For instance, the working fluid enters the evaporator heat exchanger 65 from the
economizer 50 in liquid phase and is changed to a vapor phase by heat exchange with the
thermal fluid supply. The evaporator heat exchanger 65 may be any type of heat exchange

device, such as, for example, a shell and tube heat exchanger or other device.

[0047] Liquid separator 40 may be arranged upstream of the turbine generator apparatus 100
S0 as to separate and remove a substantial portion of any liquid state droplets or slugs of
working fluid that might otherwise pass into the turbine generator apparatus 100.
Accordingly, in certain instances of the embodiments, the gaseous state working fluid can be
passed to the turbine generator apparatus 100, while a substantial portion of any liquid-state
droplets or slugs are removed and returned to the reservoir 20. In certain instances of the
embodiments, a liquid separator may be located between turbine stages (e.g., between the
first turbine wheel and the second turbine wheel) to remove liquid state droplets or slugs that
may form from the expansion of the working fluid from the first turbine stage. This liquid

separator may be in addition to the liquid separator located upstream of the turbine apparatus.

10



WO 2011/149916 PCT/US2011/037710

[0048] Referring briefly to FIG. 1, after passing through the liquid separator 40, the heated
and pressurized working fluid may pass through the inlet conduit 104 and toward the turbine
wheel 120 and may pass through the inlet conduit 105 and toward turbine wheel 121. The
working fluid expands as it flows across the turbine wheels 120 and 121, thereby acting upon
the turbine wheels 120 and 121 and causing rotation of the turbine wheels 120 and 121.
Accordingly, the turbine generator apparatus 100 can be included in a fluid expansion system
in which kinetic energy is generated from expansion of the working fluid. The rotation of the
turbine wheels 120 and 121 are translated to the rotor 130 which, in certain instances,
includes the magnet 150 that rotates within an electrical generator device 160. As such, the
kinetic energy of the turbine wheels 120 and 121 is used to generate electrical energy. The
electrical energy output from the electrical generator device 160 can be transmitted via one or
more connectors (e.g., three connectors may be employed in certain instances). As
mentioned above in connection to FIG. 2, in certain instances, the working fluid may be
directed through the generator 160 and output to the economizer 50. In some instances, such
as that illustrated in FIG. 3A, the working fluid may expand as it passes through turbine
wheel 320 causing turbine wheel 320 to rotate before it enters the generator 397. The
working fluid may then be directed to turbine wheel 321 from generator 397, where it may
expand causing turbine wheel 321 to rotate. For example, the working fluid may pass
through a gap between the rotor 130 and the stator 162 within the generator housing 103.

The working fluid may cool the generator 160 (or in FIG. 3A, generator 397).

[0049] Referring to FIG. 2, in certain instances, the electrical energy can be communicated
via the connectors to a power electronics system 240 that is capable of modifying the
electrical energy. In one example, the power electronics system 240 may be connected to an
electrical power grid system. As previously described, in certain instances, the turbine
generator apparatus 100 may be configured to provide an electrical power output of about 2
MW or less, about 50 kW to about 1 MW, and about 100 kW to about 300 kW, depending
upon the heat source 60, the expansion capabilities of the working fluid, and other such
factors. In certain instances, the electrical energy output by the turbine generator apparatus

100 can be supplied directly to an electrically powered facility or machine.

[0050] In certain instances of the Rankine cycle 200, the working fluid may flow from the
outlet conduit 109 of the turbine generator apparatus 100 to a condenser heat exchanger 85.

The condenser heat exchanger 85 is used to remove heat from the working fluid so that all or

11
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a substantial portion of the working fluid is converted to a liquid state. In certain instances, a
forced cooling airflow or water flow is provided over the working fluid or the condenser heat
exchanger 85 to facilitate heat removal. After the working fluid exits the condenser heat
exchanger 85, the fluid may return to the liquid reservoir 20 where it is prepared to flow
again though the cycle 200. In certain instances, the working fluid exits the generator 160 (or
in some instances, exits a turbine wheel) and enters the economizer heat exchanger 50 before

entering the condenser 85, as described above.

[0051] In some embodiments, the working fluid returned from the condenser heat exchanger
85 enters the reservoir 20 and is then pressurized by the pump 30. The working fluid is then
circulated to the cold side of the economizer 50, where heat therefrom is transferred to the
working fluid (e.g., from the hot side to the cold side of the economizer 50). Working fluid
exits the cold side of the economizer 50 in liquid phase and is circulated to an evaporator (not

shown), thereby completing or substantially completing the thermodynamic cycle.

[0052] FIGS. 3A-B illustrate an example process diagram showing one example of a power
generation system 300. FIG. 3A continues onto FIG. 3B, where point @ of FIG. 3A

connects to point @ of FIG. 3B. As illustrated, the process diagram of FIGS. 3A-B may
include more detail and show more components (e.g., sensors such as temperature and
pressure sensors or transducers (“PT” and “TT”); valves such as control valves (“CV”),
solenoid operated valves (“SOV”) and hand valves (“HV”); fittings; or other components) as
compared to FIG. 2. Although some components of power generation system 300 are shown
as single components, the present disclosure contemplates that each single component may be
multiple components performing identical or substantially identical functions (e.g., reference
to economizer 310 encompasses references to multiple economizers). Likewise, although
some components of power generation system 300 are shown as multiple components, the
present disclosure contemplates that multiple, identical components may be a single
component performing the identical or substantially identical functions as the multiple
components (e.g., reference to turbine expander 320 encompasses reference to a single

turbine expander 320).

[0053] Power generation system 300 includes a working fluid pump 305, an economizer 310,
a first turbine expander 320 coupled to a generator 397, a second turbine expander 321

coupled to generator 397, a receiver 335, and power electronics 355. A working fluid 301

12



WO 2011/149916 PCT/US2011/037710

circulates through the components of power generation system 300 in a thermodynamic cycle
(e.g., a closed Rankine cycle) to drive the turbine expanders 320 and 321 and generate AC
power 398 by the generator 397. The power generation system 300 may utilize a thermal
fluid (e.g., a fluid heated by waste heat, a fluid heated by generated heat, or any other heated
fluid) to drive one or more turbine expanders by utilizing a closed (or open) thermodynamic
cycle to generate electrical power. In some embodiments, each turbine expander 320 and 321
may capable of rotating at rotational speeds up to 26,500 rpm or higher to drive a generator
(as a component of or electrically coupled to the turbine expander 320) producing up to
125kW or higher AC power. AC power 399 may be at a lower frequency, a higher or lower
voltage, or both a lower frequency and higher or lower voltage relative to AC power 398. For
instance, AC power 399 may be suitable for supplying to a grid operating at 60 Hz and
between 400-480V.

[0054] In operation, power generation system 300 circulates a working fluid 301 through the
turbine expander 320 to drive (i.e., rotate) the turbine expander 320. Turbine expander 320
drives the generator 397, which generates AC power 398. The generator 397 may output the
working fluid through turbine expander 321 to rotate turbine expander 321. The working
fluid 301 exhausts from the turbine expander 321 and, typically, is in vapor phase at a
relatively lower temperature and pressure. In some embodiments, the working fluid may be
directed through turbine expanders 320 and 321, which both output the working fluid 301 to
generator 397. The working fluid exhausts from the generator and continues through the

cycle.

[0055] The economizer 310, as illustrated, is a plate and frame heat exchanger that is fluidly
coupled with the outlet of the pump 305 and an inlet of the condenser. Typically, working
fluid 301 at a low temperature and high pressure liquid phase from the pump 305 is circulated
into one side of the economizer 310 while working fluid 301 at a high temperature and low
pressure vapor phase (from an exhaust header) is circulated into another side of the
economizer 310 with the two sides being thermally coupled to facilitate heat transfer
therebetween. Although illustrated as a plate and frame heat exchanger, the economizer 310
may be any other type of heat exchange device, such as, for example, a shell and tube heat

exchanger or other device.

[0056] The evaporator (not shown) may also be a plate and frame heat exchanger. The

evaporator heat exchanger may receive the working fluid 301 from the economizer 310 at one
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side and receive a supply thermal fluid at another side, with the two sides of the evaporator
heat exchanger being thermally coupled to facilitate heat exchange between the thermal fluid
and working fluid 301. For instance, the working fluid 301 enters the evaporator heat
exchanger from the economizer 310 in liquid phase and is changed to a vapor phase by heat
exchange with the thermal fluid supply. The evaporator heat exchanger may be any type of

heat exchange device, such as, for example, a shell and tube heat exchanger or other device.

[0057] Liquid separator 325 may be arranged upstream of the turbine 320 so as to separate
and remove a substantial portion of any liquid-state droplets or slugs of working fluid that
might otherwise pass into the turbine 320. Accordingly, the gaseous state working fluid can
be passed to the turbine 320 while a substantial portion of any liquid-state droplets or slugs

are removed and returned to the receiver 335 via the condenser heat exchanger.

[0058] Working fluid 301 enters the economizer 310 at both sides of the economizer 310
(i.e., the hot and cold sides), where heat energy is transferred from the hot side working fluid
301 (i.e., vapor phase) to the cold side working fluid 301 (i.e., liquid phase). The working
fluid 301 exits the hot side of the economizer 310 to a condenser heat exchanger (not shown)
as vapor. The working fluid 301 returns from the condenser heat exchanger in liquid phase,
having undergone a phase change from vapor to liquid in the condenser by, for example,

convective heat transfer with a cooling medium (e.g., air, water, or other gas or liquid).

[0059] The working fluid 301 returned from the condenser enters the receiver 335 and is then
pressurized by the pump 305. The working fluid 301 is then circulated to the cold side of the
economizer 310, where heat therefrom is transferred to the working fluid 301 (e.g., from the
hot side to the cold side of the economizer 310). Working fluid 301 exits the cold side of the
economizer 310 in liquid phase and is circulated to an evaporator (not shown), thereby

completing or substantially completing the thermodynamic cycle.

[0060] In the illustrated embodiment, the power generation system 300 includes a bypass
380, which allows vapor working fluid 301 to bypass the turbine expander 320 and merge
into an exhaust of the turbine expander 320. In some embodiments, this may allow for better
and/or more exact control of the power generation system 300 and, more particularly, for
example, to maintain an optimum speed of the turbine expander 320. In addition, the bypass

permits system cleaning and emergency disconnect capabilities.

14



WO 2011/149916 PCT/US2011/037710

[0061] FIG. 4 is a process tlow diagram 400 showing example steps to generate electrical
energy from the turbine generator apparatus of the present disclosure. Steps of process flow
diagram 400 are shown in a certain order, but it is to be understood by those of skill in the art
that the order of the steps may be changed or added to without deviating from the scope of
the disclosure. A working fluid is directed from a reservoir by a pump to an evaporator heat
exchanger (405). The evaporator heat exchanger may receive heat from a heat source, such
as a waste heat application. In certain instances, the working fluid may be directed to the
heat source without going through the heat exchanger. Heated and pressurized working fluid
is directed to a turbine generator apparatus. In certain instances, the working fluid is directed
to a first radial inflow turbine wheel (410). The working fluid may enter the first turbine
wheel radially, expanding as it passes through the turbine wheel, and exit the turbine wheel
axially. Other turbine wheel configurations may also be used. For example, the working
fluid may be directed into the turbine wheel of a multi-stage turbine axially and output
therefrom axially or radially. As the working fluid passes through the first turbine wheel, the
first turbine wheel rotates (415). In certain instances, the first turbine wheel is affixed to a
rotor of a generator device, which rotates with the turbine wheel (420). The rotor may be
directly connected to the first turbine wheel by a common shaft, and may rotate at the same
speed as the turbine wheel. In embodiments, the rotor and the turbine wheel may be
magnetically coupled. In certain instances, the working fluid enters the turbine wheel
proximate an inlet side and is output from the turbine wheel away from the generator device
(425). In certain instances the working fluid can be output from the turbine wheel and
directed to pass through the generator device. The working fluid may directed to a condenser
heat exchanger (450). Rotation of the rotor may be used to generate power, which is
transferred to power electronics (455), which can modity and control the power output to a

grid.

[0062] The working fluid may also be directed to a second turbine wheel (412). In certain
instances, the working fluid is directed to a radial inflow turbine wheel. The working fluid
may enter the second turbine wheel radially, expanding as it passes through the turbine wheel,
and exit the turbine wheel axially. Other turbine wheel configurations may also be used. For
example, the working fluid may be directed into the turbine wheel of a multi-stage turbine
axially and output therefrom axially or radially. As the working fluid passes through the
second turbine wheel, the first turbine wheel rotates (417). In certain instances, the second

turbine wheel is affixed to the rotor of a generator device, on the opposite side of the rotor
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from the first turbine wheel, and rotates with the first and second turbine wheel (420). As
mentioned above, rotation of the rotor of the rotor may be used to generate power, which is
transferred to power electronics (455), which can modity and control the power output to a
grid. The second turbine wheel may output the working fluid axially from the turbine wheel
(427). In certain instances, the second turbine wheel outputs the working fluid radially. The
working fluid may be directed to the condenser heat exchanger, as described above (420). In
certain instances the working fluid may flow through the generator before flowing to the

condenser heat exchanger.

[0063] FIG. 5 is a process flow diagram 500 of another example of steps used to generate
energy from a working cycle system of the present disclosure. Working fluid is heated and
pressurized (505). The working fluid may be heated and pressurized using an evaporator heat
exchanger or in a manner similar to that described in FIG. 4. The working fluid may be
directed to a radial inlet of a first radial inflow turbine wheel (510). In certain instances, the
inlet may be located next to or proximate an electric generator, the generator having a stator
and a rotor. The rotor is coupled to the first turbine wheel. The working fluid expands as it
passes through the first turbine wheel and rotates the first turbine wheel (515). The rotation
of the first turbine wheel rotates a rotor affixed there to (545). The working fluid may be
output from an axial outlet of the first turbine wheel (520). The working fluid may be directed
to and received by a radial inlet of a second radial inflow turbine wheel (525). The working
fluid expands as it passes through the second turbine wheel, rotating the second turbine wheel
(530). The rotation of the second turbine wheel rotates the rotor aftixed there to (545). The
second turbine wheel is located on an opposite side of the rotor than the first turbine wheel.
The working fluid may be output from an axial outlet of the second turbine wheel (535), and
directed to a condenser heat exchanger in the closed loop working cycle (540). The power
generated by the rotation of the rotor may be transferred to power electronics (550) or

directly to the grid.

[0064] FIG. 6 is a process tflow diagram 600 showing steps for generating energy using a
turbine generator apparatus. In FIG. 6, the working fluid may be heated and pressurized in a
similar manner as described above (605). The working fluid may be directed to a first turbine
wheel (610), and expands as it passes through the first turbine wheel. As the working fluid
expands, it rotates the first turbine wheel (615), which in turn rotates a rotor affixed there to

(650). The working fluid may be output from the first turbine wheel (620) and directed to the
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electric generator (625). The working fluid may pass through the generator to cool the rotor
and stator. In certain instances, the working fluid may pass through the generator but may be
isolated from the rotor portion of the generator. The working fluid may be directed from the
generator to an inlet of a second turbine wheel (630), which is coupled to the rotor opposite
from the first turbine generator. The second turbine wheel rotates as the working fluid passes
through it (635), which in turn rotates the rotor (650). The working fluid may then be
outputted from the second turbine wheel (640). The working fluid may then be directed back
into the closed loop working cycle, where it is directed to a condenser heat exchanger (645).
The power generated by the rotation of the rotor may transferred to power electronics (655)

or directly to the grid.

[0065] A number of embodiments of the disclosure have been described. Nevertheless, it
will be understood that various modifications may be made without departing from the spirit
and scope of the disclosure. Accordingly, other embodiments are within the scope of the

following claims.

17



WO 2011/149916 PCT/US2011/037710

What is claimed is:
1. An apparatus comprising:
an electric generator having a stator and a rotor;

a first turbine wheel coupled to a first end of the rotor to rotate at the same speed as
the rotor and configured to receive working fluid into an inlet side of the first turbine wheel
and output working fluid from an outlet side of the first turbine wheel and rotate in response
to expansion of working fluid flowing from the inlet side to the outlet side of the first turbine

wheel; and

a second turbine wheel coupled to a second end of the rotor, opposite the first end of
the rotor, to rotate at the same speed as the rotor and configured to receive working fluid into
an inlet side of the second turbine wheel and output working fluid from an outlet side of the
second turbine wheel and rotate in response to expansion of working fluid flowing from the

inlet side to the outlet side of the second turbine wheel.

2. The apparatus of claim 1 wherein the first turbine wheel is configured to receive
working fluid radially into the inlet side of the first turbine wheel and output working fluid

axially from the outlet side of the first turbine wheel.

3. The apparatus of claim 2 wherein the second turbine wheel is configured to receive
working fluid radially into an inlet side of the second turbine wheel and output working fluid

axially from the outlet side of the second turbine wheel.

4, The apparatus of claim 1 wherein the first turbine wheel is configured to direct

working fluid from the outlet side of the first turbine wheel through the electric generator.

5. The apparatus of claim 4 wherein the second turbine wheel is configured to direct

working fluid from the outlet side of the second turbine wheel through the electric generator.

6. The apparatus of claim 4 wherein the inlet side of the second turbine wheel is
proximate the electric generator, and the second turbine wheel is configured to receive the at
least part of the working fluid from an outlet of the electric generator to the inlet side of the

second turbine wheel.
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7. The apparatus of claim 1 wherein the electric generator is arranged proximate the inlet

side of the first turbine wheel.

8. The apparatus of claim 7 wherein the electric generator is arranged proximate the inlet

side of the second turbine wheel.

0. The apparatus of claim 1 wherein the second turbine wheel is configured to receive
working fluid into the inlet side of the second turbine wheel from the outlet side of the first

turbine wheel.

10. The apparatus of claim 1 wherein the rotor is directly coupled to the first turbine

wheel.

11. The apparatus of claim 1 wherein the rotor and the turbine wheel are coupled to rotate

together without a gear box.

12. The apparatus of claim 1 wherein the apparatus further comprises at least one

magnetic bearing supporting the rotor relative to the stator.

13. The apparatus of claim 1 wherein the apparatus is configured so that the first turbine

wheel receives the same working fluid as the second turbine wheel.
14, A generator system for use in a Rankine cycle, comprising:
a liquid reservoir for a working fluid of the Rankine cycle;

a pump device coupled to the liquid reservoir to receive the working fluid from the

liquid reservoir;

an evaporator heat exchanger coupled to the pump device to receive the working fluid

from the pump and apply heat to the working fluid;

a turbine generator apparatus coupled to the evaporator heat exchanger to receive the
working fluid from the evaporator heat exchanger and configured to generate electrical
energy in response to expansion of the working fluid, the turbine generator apparatus

comprising:

an electric generator having a stator and a rotor,
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a first turbine wheel coupled to a first end of the rotor to rotate at the same
speed as the rotor and configured to receive a working fluid into an inlet side of the first
turbine wheel and output the working fluid from an outlet side of the first turbine wheel and
rotate in response to expansion of the working fluid flowing from the inlet side to the outlet

side of the first turbine wheel, and

a second turbine wheel coupled to a second end of the rotor, opposite the first

end of the rotor, to rotate at the same speed as the rotor; and

a condenser heat exchanger coupled to the turbine generator apparatus to receive the

working fluid from the turbine generator apparatus and extract heat from the working fluid.

15.  The system of claim 14 wherein the first turbine wheel is configured to receive the
working fluid radially into the inlet side of the first turbine wheel and output the working

fluid axially from the outlet side of the first turbine wheel.

16. The apparatus of claim 14 wherein the first turbine wheel is configured to direct at
least part of the working fluid from the outlet side of the first turbine wheel through the

electric generator.

17. The system of claim 14 wherein the electric generator is arranged proximate the inlet

side of the first turbine wheel.

18.  The system of claim 14 wherein the rotor is directly coupled to the first turbine wheel.
19. The system of claim 14 wherein the Rankine cycle is an organic Rankine cycle.
20.  The system of claim 14 wherein the second turbine wheel is configured to receive the

working fluid into an inlet side of the second turbine wheel and output the working fluid from
an outlet side of the second turbine wheel and rotate in response to expansion of the working

fluid flowing from the inlet side to the outlet side of the second turbine wheel.
21. A method of circulating a working fluid through a working cycle, comprising:
vaporizing the working fluid;

receiving at least a part of the vaporous working fluid into an inlet side of a first

turbine wheel and an inlet side of a second turbine wheel;
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rotating the first and second turbine wheels in response to expansion of the working
fluid through the turbine wheels, and in turn rotating a rotor of a generator at the same speed

as the first and second turbine wheels;

outputting the working fluid from an outlet side of the first turbine wheel and an
outlet side of the second turbine wheel; and

condensing the working fluid to a liquid.

22. The method of claim 21 wherein receiving the vaporous working fluid into an inlet of
the first turbine wheel comprises receiving the vaporous working fluid into a radial inlet of
the first turbine wheel and outputting the working fluid from an outlet side of the first turbine
wheel comprises outputting the working fluid axially from the outlet side of the first turbine

wheel.

23. The method of claim 21 wherein rotating the rotor comprises rotating a shaft common

to the first turbine wheel and the rotor.
24. The method of claim 23 wherein the shaft is connected to the second turbine wheel.

25. The method of claim 23 wherein the first and second turbine wheels are affixed

directly to the rotor.

26. The method of claim 21 wherein the working cycle is an organic Rankine working

cycle.
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