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(57) ABSTRACT

A power generation system includes a turbine having an
outlet. A high temperature recuperator has an inlet and is
connected to the turbine outlet. A low temperature recupera-
tor is connected to the high temperature recuperator. Each of
the high and low temperature recuperators include a plural-
ity of matrix panels interconnected together that define hot
fluid channels and cold fluid channels arranged adjacent to
each other in a counterflow and stair-step configuration. A
compressor is connected to the low temperature recuperator
and turbine.
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POWER GENERATION SYSTEM USING
CLOSED OR SEMI-CLOSED BRAYTON
CYCLE RECUPERATOR

RELATED APPLICATION(S)

[0001] This is a PCT application based on U.S. provisional
patent application No. 62/141,962 filed Apr. 2, 2015, the
disclosure which is hereby incorporated by reference in its
entirety.

FIELD OF THE INVENTION

[0002] This invention relates to heat exchange systems
that use the Brayton cycle, and more particularly, this
invention relates to a closed or semi-closed Brayton power
generation system that uses a recuperator.

BACKGROUND OF THE INVENTION

[0003] Power plants, gas turbine engines and other heat
engines using the Brayton cycle can benefit from heat
exchangers. In SCO, Brayton Cycle exhaust gases are
reused at the intake, and thus, form a closed or semi-closed
system. A recuperator may be used as a heat exchanger in
such systems and may operate as a counterflow energy
recovery device. The recuperator is usually positioned
within the supply and exhaust air streams to recover waste
heat and increase the overall efficiency of the SCO, Brayton
cycle. The gases are pre-heated using the recuperator to
transfer waste heat from the exhaust and to the compressed
air, which is preheated so less fuel is required for heating the
gases to a turbine operating temperature. In a closed or
semi-closed Brayton cycle recuperator, the working fluid
such as CO, is recirculated. The air expelled from the
turbine is reintroduced to the compressor. The heat
exchanger as a recuperator pre heat the working fluid before
it is introduced to combustion chamber. Some systems may
include a high temperature recuperator and a low tempera-
ture recuperator.

[0004] Some power generation systems use supercritical
carbon dioxide (S—CO,) as the working fluid. It is desirable
in some of those systems, for example, using the current heat
exchangers in some conventional power plants, to scale the
systems without disrupting the long-term operation of the
system. Many heat exchangers as recuperators are not easily
scalable and are used in moderate temperature and pressure
ranges, and therefore, are not robust. To scale up a current
heat exchanger in some power plants would disrupt the
entire system.

SUMMARY OF THE INVENTION

[0005] A power generation system includes a turbine
having an outlet. A high temperature recuperator has an inlet
and is connected to the turbine outlet. A low temperature
recuperator is connected to the high temperature recuperator.
Each of the high and low temperature recuperators include
a plurality of matrix panels interconnected together and
defining hot fluid channels and cold fluid channels arranged
adjacent to each other in a counterfiow and stair-step con-
figuration. A compressor is connected to the low temperature
recuperator and turbine. The power generation system may
be a supercritical carbon dioxide turbine.

[0006] The matrix panels may be interconnected together
to define the hot and cold fluid channels in each of the high
and low temperature recuperators as geometrically shaped in
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either a rectangular, elliptical, oval or rhombus configura-
tion. The diffusion bond between adjacent matrix panels
secure respective matrix panels together. Each matrix panel
may comprise a fiber reinforced ceramic matrix panel. Each
matrix panel may comprise a polymer derived ceramics
composite.

[0007] Each of the respective hot or cold fluid channels
may be surrounded by fluid channels carrying the respective
other cold or hot fluid. Each of the respective hot or cold
fluid channels may be surrounded by four fluid channels on
four sides carrying the other respective cold or hot fluid.
Each recuperator may include a longitudinal axis and an
inlet and outlet end along the axis. The matrix panels may
extend in a direction diagonal to the longitudinal axis and
straighten at the inlet and outlet end. Each matrix panel may
comprise polysiloxane or polycarbosilane.

[0008] A recuperator for a power generation system
includes a recuperator body having an inlet and outlet and a
plurality of matrix panels interconnected together and defin-
ing hot fluid channels and cold fluid channels from the inlet
to the outlet and arranged adjacent to each other in a
counterflow and stair-step configuration. Each of the hot or
cold fluid channels are surrounded by fluid channels carry-
ing the respective other cold or hot fluid and geometrically
shaped in either a rectangular, elliptical, oval or rhombus
configuration. The matrix panels may have a wall configu-
ration that includes one of at least ribs, dimples aned a
roughed surface to create turbulence.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Other objects, features and advantages of the pres-
ent invention will become apparent from the detailed
description of the invention, which follows when considered
in light of the accompanying drawings in which:

[0010] FIG. 1 is a representative CO, phase diagram
showing the triple point, critical point, and supercritical
region.

[0011] FIG. 2 is a fragmentary and schematic drawing

view of steam, helium and supercritical CO, turbomachinery
and showing their relative size.

[0012] FIG. 3A is a simplified block diagram of a Simple
Recuperated Cycle (RC) closed cycle power generation
turbine system using the Brayton cycle in accordance with
a non-limiting example.

[0013] FIG. 3B is a graph showing the Simple Recuper-
ated Cycle with temperature on the vertical axis and entropy
on the horizontal axis.

[0014] FIG. 4A is another block diagram showing a Recu-
perated Recompression Configuration (RRC) closed cycle
power generation turbine system also using the Brayton
cycle in accordance with a non-limiting example.

[0015] FIG. 4B is a graph of the Recuperated Recompres-
sion Configuration system with temperature in Kelvin on the
vertical axis and the entropy in klJ/kg-K on the horizontal
axis.

[0016] FIG. 5A is a fragmentary drawing view of a recu-
perator that operates as a heat exchanger in a power gen-
eration turbine system in accordance with a non-limiting
example.

[0017] FIG. 5B is a fragmentary plan view of the recu-
perator section shown by the diamond in FIG. 5A in accor-
dance with a non-limiting example.

[0018] FIG. 6 is a partial sectional view of the recuperator
in accordance with a non-limiting example.
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[0019] FIG. 7 is a fragmentary, isometric view of the
recuperator channel walls in accordance with a non-limiting
example and showing a rectangular configuration of fluid
channels formed by the matrix panels that are diffusion
bonded together.

[0020] FIG. 8A is a fragmentary plan view of a matrix
panel of the recuperator in accordance with a non-limiting
example.

[0021] FIG. 8B is a sectional view of the matrix panel
taken generally along line 8B-8B in FIG. 8A.

[0022] FIG. 9 is a table showing fiber properties used in
PDC composites for the matrix panel of the recuperator in
accordance with a non-limiting example.

[0023] FIG. 10 is a table showing matrix properties used
in the PDC composites for the matrix panel used in the
recuperator in accordance with a non-limiting example.
[0024] FIG. 11A is an isometric view of an example
recuperator in accordance with a non-limiting example.
[0025] FIG. 11B is an isometric view of the example
recuperator with a section cut along line 11B-11B in FIG. H
A.

[0026] FIG. 11C is a sectional view taken along line
11C-11C in FIG. 11A.

[0027] FIG. 11D is a sectional view taken along the medial
section line 11D-11D in FIG. 11A.

DETAILED DESCRIPTION

[0028] The present invention will now be described more
fully hereinafter with reference to the accompanying draw-
ings, in which preferred embodiments of the invention are
shown. This invention may, however, be embodied in many
different forms and should not be construed as limited to the
embodiments set forth herein. Rather, these embodiments
are provided so that this disclosure will be thorough and
complete, and will fully convey the scope of the invention
to those skilled in the art.

[0029] It should be understood that the power generation
system as described can be used for different power and
turbine systems that use different heat exchange systems.
One example includes a S—CO, Brayton cycle turbine. It
can be used wherever there is a need for heat exchange, in
particular, at high temperatures.

[0030] The power generation system, in accordance with
anon-limiting example, uses at least one recuperator that has
matrix panels that are designed to enable modular construc-
tion of micro-channel recuperators having a high level of
robustness to withstand high pressure in S—CO, (supercriti-
cal CO,) power plants. This design facilitates a scale up to
many sizes with little or no redesign of the entire turbine
system and its recuperator. Parts for the system may be
relatively easy to manufacture due to its simplicity of design
and should decrease the manufacturing costs significantly.
The design ensures natural separation of the hot and cold
fluids, thus, eliminating any fluid leakage and mixing
between hot and cold fluids. Fusion welding may be used to
hold different layers of the matrix panels together to form the
recuperator. In the system, a low temperature recuperator
and high temperature recuperator are connected together.
Each recuperator defines a longitudinal axis and an inlet and
outlet along the longitudinal axis. Matrix panels extend in a
direction diagonal to the longitudinal axis and straighten at
the inlet and outlet end. Each end of the recuperator forming
a heat exchanger includes these individual plates or matrix
panels that straighten where the hot and cold fluids exit or
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enter in a direction diagonal to original square plates to
maintain a counterflow configuration. The hot and cold fluid
channels are geometrically shaped in either a rectangular,
elliptical, and/or rhombus configuration. Each may be sur-
rounded by four channels on four sides carrying the other
respective hot or cold fluid. Thus, the hot fluid channels are
adjacent cold fluid channels and arranged in a counterflow
and stair-step configuration.

[0031] An emerging technology in the power industry is
the use of power cycles using supercritical carbon dioxide
(S—CO,) as the working fluid. The supercritical point of
carbon dioxide is about 304.25 K and 7.39 MPa (87.98° F.
and 1072 psi), which is advantageous when the carbon
dioxide is used with turbomachinery incorporating a heat
exchanger such as a recuperator. The CO, fluid may transi-
tion to a supercritical state at approximately room tempera-
ture, allowing practical heat rejection to the environment.
Supercritical fluids such as CO, fill their available volume,
like a gas. This gas can flow through a turbo-expander and
produce work using the same design methods as steam and
gas turbines. An example CO, phase diagram is shown in
FIG. 1.

[0032] The supercritical carbon dioxide is a fluid state of
the carbon dioxide and it is held at or above its critical
temperature and critical pressure. The graph shows the triple
point at the intersection of the solid, liquid and gas phases
and the critical point at the intersection of the gas, liquid and
supercritical fluid phase. It is possible to replace steam in a
power generation system with supercritical carbon dioxide
that may be more thermally efficient. Thus, the term “super-
critical” describes carbon dioxide above its critical tempera-
ture and pressure as about 31° C. and 73 atmospheres. The
carbon dioxide has a density similar to its liquid state. In its
supercritical state, carbon dioxide is nearly twice as dense as
steam and results in a high power density and is easier to
compress than steam. Under these power generation circum-
stances, a generator may extract power from the turbine at
higher temperatures. Thus, the overall turbine design may be
more simple and smaller than a steam equivalent.

[0033] The high pressure requirement of a supercritical
CO, power generation turbine system can make recuperator
design as a heat exchanger complicated. Even with a modest
pressure ratio of 2.5, the high pressure stream may be up to
24.0 MPa (3480 psi) in an example. In a recuperator formed
as a shell and tube heat exchanger, the inner, high-pressure
tubes usually require thick walls, impeding heat exchange. A
recuperator using small micron channels instead would help
reduce the distributed force per channel, the internal shear
stress, and the required wall thickness. A micro-channel heat
exchanger as a recuperator is ideal for a supercritical CO,
power generation turbine systems. FIG. 2 is a drawing from
a MIT dissertation showing a comparison between different
turbine designs and showing the much smaller size of a
supercritical CO, power generation turbine compared to
current designs of a heat turbine and a steam turbine used in
typical power generation systems.

[0034] Ina closed cycle power generation system employ-
ing supercritical carbon dioxide as the working fluid, either
in a Simple Recuperated Configuration (RC), such as shown
in FIGS. 3A and 3B, or in a Recuperated Recompression
Configuration (RRC), as shown in FIGS. 4A and 4B, the
recuperative heat recovery from the exhaust stream (RC:
points 5 to 6; RRC: points 6 to 8) may be accomplished by
applying a special gas to gas heat exchangers as recuperators
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having a robust design. Each recuperator, in accordance with
a non-limiting example, has two inlets as a hot stream inlet
and cold stream inlet and two outlets as a hot stream outlet
and cold stream outlet. A high temperature recuperator
generally has its hot stream inlet at the turbine exhaust and
the cold stream inlet at a low temperature recuperator cold
steam outlet. Its hot stream outlet is at the low temperature
recuperator hot stream inlet and the cold stream outlet is at
the heat receiver or heat collector or combustor depending
on the exact application. With the low temperature recu-
perator, the hot stream inlet is at the high temperature
recuperator hot stream outlet and the cold stream inlet is at
the compressor exhaust or outlet. The hot stream outlet is at
the pre-cooler or external heat rejection heat exchanger and
cold steam outlet is at the high temperature recuperator cold
stream inlet.

[0035] FIG. 3A shows a Simple Recuperated Cycle (RC)
closed cycle power generation turbine system 20, in accor-
dance with a non-limiting example, that uses supercritical
carbon dioxide as the working fluid and showing the main
compressor (C) 22 that interoperates with the turbo-ex-
pander or turbine (T) 24 to generate power at the generator
26. Other components include the pre-cooler 28, combustor
30, and other components such as low temperature and high
temperature recuperators 32, 34 connected between the
pre-cooler and combustor. A graph of the single recuperated
cycle is shown in FIG. 3B. Various temperature and entropy
stages for the operation of that simple recuperated cycle
system are shown by the numbers and their sequence of
FIGS. 3A and 3B. The graph of FIG. 3B is read in conjunc-
tion with the numerical sequence flow shown on the block
diagram of FIG. 3A and illustrates the Brayton cycle dif-
ferent states and changing temperature and entropy.

[0036] FIG. 4A shows a Recuperated Recompression Con-
figuration power generation turbine system 40, in accor-
dance with a non-limiting example. The main compressor 42
is connected to a recompressor 44, which in turn connects to
the turbo-expander or turbine 46, which in turn, connects to
the generator 48. The cooler 52 to the main compressor 42
and heater 54 to the turbo-expander 46 are connected to a
respective low temperature recuperator 60 and a high tem-
perature recuperator 62. This drawing shows the high pres-
sure and low pressure fluid flows. A graph of the output with
the entropy and temperature is shown in FIG. 4B. Entropy
is on the horizontal axis and the temperature in K is on the
vertical axis. The numerals in the graph correspond to the
numerals and state changes in the system 40 of FIG. 4A.

[0037] The recuperator, in accordance with a non-limiting
example, is an improvement over more general heat
exchangers used as recuperators such as with power gen-
eration turbine systems shown in FIGS. 3A and 4A. The
recuperator as described, in accordance with a non-limiting
example, is given the general numerical designation in the
100 series. The recuperator 100 may be used in generation
systems 20 and 40, such as shown in FIGS. 3A and 4A, and
includes hot fluid channels 102 and cold fluid channels 104,
which are arranged in a simple counterflow configuration as
illustrated in FIGS. 5A and 5B. Central to this arrangement
is the relative placement of hot and cold fluid channels 102,
104. Each flow channel 102, 104 is surrounded on four sides
by the thermodynamically reciprocal type working fluid, i.e.,
hot versus cold and vice versa. A plurality of matrix panels
106 are interconnected together such as by diffusion bonds
or other weld or joinder processes that may be applicable.
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[0038] FIGS. 5A and 5B show channels 102, 104 of the
recuperator 100 with the normal heat exchange and the flow
of hot fluid and cold fluid and the change shown as delta X
and the wall configuration formed by the matrix panels 106.
A sectional view in FIG. 6 shows the counterflow of hot and
cold fluids. The rectangular fluid channel arrangement of the
matrix panels 106 forming channel walls is shown in the
fragmentary, isometric view of the recuperator 100 of FIG.
7. The matrix panels 106 may be diffusion bonded together
in an example and the flow of hot and cold fluid is indicated.
The structual arrangement facilitates this positioning of hot
and cold fluid channels 102, 104 and bonding of matrix
panels 106. The channel walls may be fabricated from the
stair-step shaped matrix panels 106, which are joined by the
appropriate diffusion bonding process or other bonding
process known to those skilled in the art. In the application
ot high temperature metals such as nickel-based superalloys,
one such fabrication process is the diffusion bonding of the
metals using techniques known by those skilled in the art. In
one non-limiting example, each layer of the “stair-step”
design of the matrix panels 106 may be formed as a PDCC
(polymer derived ceramics composite)/superalloy layer.

[0039] As shown in FIGS. 8A and 8B, each matrix panel
106 extends as a longitudinally extending panel or structural
shape that includes at each end a flat section 106a to
facilitate manifolds and headers and the medial section
having the ridges and structure 1065 for the channel, which
can be configured when together in different shapes such as
rectangular, elliptical, oval, or rhombus. Heat transfer may
be enhanced by the wall configuration having ribs, dimples,
or a roughed surface to create turbulence. Alternatively, the
matrix panels 106 may be formed of fiber reinforced ceramic
matrix composites, referred to as a class of fiber reinforced
polymer derived ceramic (PDC) composites, which have
exceptional strength and fracture toughness at high tempera-
tures. Such fiber reinforced PDC composites may be devel-
oped through stepwise processing using a pre-preg of
selected continuous fibers with PDC resins. In an example,
the PDC composite laminates are processed in an autoclave
by applying precise curing cycles, i.e., temperature, pressure
and vaccum level, to form a greenware product, which is
pyrolized to form a preliminary product. This preliminary
product is densified through repeated cycles of infiltration
and pyrolysis, and then post-machined to form the finished
PDC composites product.

[0040] FIG. 9 is a table showing properties of various
kinds of fibers used for PDC composites manufacturing and
can be used in accordance with non-limiting examples for
the matrix panels 106. The tensile strengths are greater than
twice that of superalloys at operating temperatures more
than 1,000° F. higher than superalloy application levels.
FIG. 10 is a chart showing the matrix properties used for
PDC composites manufacturing and application in micro-
channel recuperators and matrix panels.

[0041] This design as generally described above enables
modular construction of recuperators 100 having the micro-
channels with a high level of robustness to withstand high
pressure in S—CO, power plants. They are readily scalable
up to any size with little or no redesign of the entire
recuperator system 100. They are also easy to manufacture
because of its simplicity in design. It is estimated this the
design will decrease manufacturing costs significantly. This
design also ensures natural separation of the hot and cold
fluids, thus eliminating any fluid leakage and mixing
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between hot and cold fluids. In this design, fusion welding
may be used to hold the panel layers together. On each end
of the heat exchanger as a recuperator, the individual matrix
panels will straighten at the location, where the hot and cold
fluids exit or enter in a direction diagonal to the original
square configuration, so as to maintain a counterflow con-
figuration. In this design, each square channel carrying hot
or cold fluid is surrounded by four channels on four sides
carrying the other fluid.

[0042] FIG. 11A is an isometric view of the recuperator
100 and showing a rectangular configured channel housing
connected to couplers 112 for inlet and outlets and showing
an isometric view of FIG. 11B with a section in its front
along line 11B-11B. A sectional view is shown in FIG. 11C
along line 11C-11C and a medial sectional view in FIG. 11D
taken along line 11D-11D. These figures show the respective
rectangular configuration and four channels on four sides
carrying the other respective cold or hot fluids.

[0043] Many modifications and other embodiments of the
invention will come to the mind of one skilled in the art
having the benefit of the teachings presented in the forego-
ing descriptions and the associated drawings. Therefore, it is
to be understood that the invention is not to be limited to the
specific embodiments disclosed, and that the modifications
and embodiments are intended to be included within the
scope of the dependent claims.

That which is claimed is:

1. A power generation system, comprising:

a turbine having an outlet;

a high temperature recuperator having an inlet connected

to the turbine outlet;

a low temperature recuperator connected to the high

temperature recuperator,

wherein said high and low temperature recuperators each

comprise a plurality of matrix panels interconnected
together and defining hot fluid channels and cold fluid
channels arranged adjacent to each other in a counter-
flow and stair-step configuration; and

a compressor connected to the low temperature recupera-

tor and turbine.

2. The power generation system according to claim 1
wherein said matrix panels are interconnected together to
define the hot and cold fluid channels in each of said high
and low temperature recuperators as geometrically shaped in
either a rectangular, elliptical, oval or rhombus configura-
tion.

3. The power generation system according to claim 1
further comprising a diffusion bond between adjacent matrix
panels that secures respective adjacent matrix panels
together.

4. The power generation system according to claim 1
wherein each matrix panel comprises a fiber reinforced
ceramic matrix panel.

5. The power generation system according to claim 1
wherein each matrix panel comprises a polymer derived
ceramics composite.

6. The power generation system according to claim 1
wherein said each of said respective hot or cold fluid
channels is surrounded by fluid channels carrying the
respective other cold or hot fluid.

7. The power generation system according to claim 6
wherein each of the respective hot or cold fluid channels is
surrounded by four channels on four sides carrying the other
respective cold or hot fluid.
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8. The power generation system according to claim 1
wherein each recuperator defines a longitudinal axis and an
inlet and outlet end along the longitudinal axis, and said
matrix panels extend in a direction diagonal to the longitu-
dinal axis and straighten at the inlet and outlet end.

9. The power generation system according to claim 1
wherein each matrix panel comprises polysiloxane or poly-
carbosilane.

10. A power generation system, comprising:

a turbine having an outlet;

a high temperature recuperator having an inlet connected

to the turbine outlet;

a low temperature recuperator connected to the high
temperature recuperator,

wherein said high and low temperature recuperators each
comprise a plurality of matrix panels interconnected
together and defining hot fluid channels and cold fluid
channels arranged adjacent to each other in a counter-
flow and stair-step configuration, wherein each of the
hot or cold fluid channels are surrounded by fluid
channels carrying the respective other cold or hot fluid
and geometrically shaped in either a rectangular, ellip-
tical, oval or rhombus configuration; and

a compressor connected to the low temperature recupera-
tor and turbine.

11. The power generation system according to claim 10
further comprising a diffusion bond between adjacent matrix
panels that secures respective adjacent matrix panels
together.

12. The power generation system according to claim 10
wherein each panel comprises a fiber reinforced ceramic
matrix panel.

13. The power generation system according to claim 10
wherein each matrix panel comprises a polymer derived
ceramics composite.

14. The power generation system according to claim 10
wherein each of the hot or cold fluid channels is surrounded
by four channels on four sides carrying the other respective
cold or hot fluid.

15. The power generation system according to claim 10
wherein each recuperator defines a longitudinal axis and an
inlet and outlet end along the longitudinal axis, and said
matrix panels extend in a direction diagonal to the longitu-
dinal axis and straighten at the inlet and outlet end.

16. The power generation system according to claim 10
wherein each matrix panel comprises polysiloxane or poly-
carbosilane.

17. A recuperator for a turbine system, comprising:

a recuperator body having an inlet and outlet and a
plurality of matrix panels interconnected together and
defining hot fluid channels and cold fluid channels from
the inlet to the outlet and arranged adjacent to each
other in a counterflow and stair-step configuration;

wherein each of the hot or cold fluid channels are sur-
rounded by fluid channels carrying the respective other
cold or hot fluid and geometrically shaped in either a
rectangular, elliptical, oval or rhombus configuration.

18. The recuperator according to claim 17 wherein each of
the hot or cold fluid channels is surrounded by four channels
on four sides carrying the other respective cold or hot fluid.

19. The recuperator according to claim 17 wherein each
matrix panel comprises a fiber reinforced ceramic matrix
panel.
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20. The turbine system according to claim 17 wherein
each matrix panel comprises a polymer derived ceramics
composite.

21. The recuperator according to claim 17 wherein the
matrix panels have a wall configuration that includes one of
at least ribs, dimples and a roughed surface to create
turbulence.
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