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SYSTEM AND METHOD FOR MANAGING THERMAL
ISSUES IN GAS TURBINE ENGINES

FIELD OF THE INVENTION

The present invention generally relates to a system that enables one to

address various thermal management issues in advanced gas turbine engines. In

one embodiment, the present invention relates to a method to extract heat from an

air stream, utilize a significant fraction for on-board power generation, and reject a

small quantity of heat to the fuel stream safely at, for example, a lower temperature.

In another embodiment, the present invention relates to a method to extract heat

from an air stream, utilize a significant fraction for on-board power generation, and

reject a small quantity of heat to the fuel stream safely at, for example, a lower

temperature with no potential air/fuel contact is disclosed.

BACKGROUND OF THE INVENTION

Thermal management of advanced gas turbine engines is one of the most

difficult constraints on continued performance improvements. Improved

thermodynamic efficiency drives the cycle designer to higher compressor pressure

ratios, which necessarily result in increased compressor discharge temperatures

(above, for example, 700 C). Higher performance is also obtained by continually

increasing the gas temperature entering the turbine. Because the compressor

discharge air is also used to cool the high pressure turbine nozzles and blades, the

combination of increased turbine inlet temperature and cooling air temperature

places extreme demands on the material capability of these components.

One method for alleviating the thermal load on the turbine can be

accomplished by extracting turbine cooling air from the main flowpath and reducing

its temperature. Due to the unacceptable drag load of an air/air heat exchanger, the

only acceptable sink for the excess heat is the fuel stream. Two major difficulties

with this approach are as follows: ( 1) the fuel has a limited capacity to absorb heat

due to thermal degradation and coking/fouling of the heat exchanger; and (2) a

fuel/air heat exchanger will have high stress levels due to the large thermal

differential across the two fluid streams, and will likely suffer from low cycle fatigue

cracking. The fuel pressure is always higher than the air pressure, and thus any

crack will permit fuel to enter the air side of the heat exchanger. At typical operating



temperatures, auto-ignition of the fuel leak and a catastrophic failure of the heat

exchanger and turbine are therefore highly probable.

Given the above, there is a need in the art for systems that are designed to

address various thermal management issues in advanced gas turbine engines.

SUMMARY OF THE INVENTION

The present invention generally relates to a system that enables one to

address various thermal management issues in advanced gas turbine engines. In

one embodiment, the present invention relates to a method to extract heat from an

air stream, utilize a significant fraction for on-board power generation, and reject a

small quantity of heat to the fuel stream safely at, for example, a lower temperature.

In another embodiment, the present invention relates to a method to extract heat

from an air stream, utilize a significant fraction for on-board power generation, and

reject a small quantity of heat to the fuel stream safely at, for example, a lower

temperature with no potential air/fuel contact is disclosed.

In one embodiment, the present invention relates to a thermal management

system for a gas turbine engine comprising: a working fluid circuit having a high

pressure side and a low pressure side, and a working fluid contained in the working

fluid circuit; a heat exchanger in the working fluid circuit and in thermal

communication with at least one gas turbine engine, the at least one gas turbine

engine acting as a heat source connected to the working fluid circuit, whereby

thermal energy is transferred from the heat source to the working fluid in the working

fluid circuit; an expander in the working fluid circuit and located between the high

pressure side and the low pressure side of the working fluid circuit and operative to

convert a pressure drop in the working fluid to mechanical energy; a recuperative

heat exchanger in the working fluid circuit operative to transfer thermal energy

between the high pressure side and the low pressure side of the working fluid circuit;

and a pump in the working fluid circuit and connected to the low pressure side and to

the high pressure side of the working fluid circuit and operative to move the working

fluid through the working fluid circuit.

In another embodiment, the present invention relates to a thermal

management system for a gas turbine engine comprising: a working fluid circuit

having a high pressure side and a low pressure side, and a working fluid contained



in the working fluid circuit; a heat exchanger in the working fluid circuit and in thermal

communication with at least one gas turbine engine, the at least one gas turbine

engine acting as a heat source connected to the working fluid circuit, whereby

thermal energy is transferred from the heat source to the working fluid in the working

fluid circuit; an expander in the working fluid circuit and located between the high

pressure side and the low pressure side of the working fluid circuit and operative to

convert a pressure drop in the working fluid to mechanical energy; a low pressure

heat exchanger in the working fluid circuit operative to transfer thermal energy

between the low pressure side and a fuel supply for the at least one gas turbine

engine; a pump in the working fluid circuit and connected to the low pressure side

and to the high pressure side of the working fluid circuit and operative to move the

working fluid through the working fluid circuit; and a high pressure heat exchanger in

the working fluid circuit operative to transfer thermal energy between the high

pressure side and a lubricating system for the at least one gas turbine engine.

In still another embodiment, the present invention relates to a thermal

management system for a gas turbine engine as shown and described herein.

In still another embodiment, the present invention relates to a method for

accomplishing and/or addressing one or more thermal management issues in a gas

turbine engine system, such method comprising the step of utilizing a system as

shown and described herein to address at least one thermal management issue.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is an illustration of a system in accordance with one embodiment of

the present invention;

Figure 2 is a pressure-enthalpy diagram for carbon dioxide; and

Figure 3 is an illustration of a system in accordance with another embodiment

of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention generally relates to a system that enables one to

address various thermal management issues in advanced gas turbine engines. In

one embodiment, the present invention relates to a method to extract heat from an

air stream, utilize a significant fraction for on-board power generation, and reject a



small quantity of heat to the fuel stream safely at, for example, a lower temperature.

In another embodiment, the present invention relates to a method to extract heat

from an air stream, utilize a significant fraction for on-board power generation, and

reject a small quantity of heat to the fuel stream safely at, for example, a lower

temperature with no potential air/fuel contact is disclosed.

A method to extract heat from the air stream, utilizing a significant fraction for

on-board power generation, and reject a smaller quantity of heat to the fuel stream

safely (at lower temperature, with no potential air/fuel contact) is disclosed herein

(see, e.g., Figure 1) . In Figure 1 a closed-loop Brayton/Rankine cycle device 100 is

illustrated. As is shown therein, an appropriate working fluid (e.g., supercritical CO2)

in combination with a heat exchanger 102 is used to extract heat from a compressor

104 having discharge air at an appropriate, or desired, temperature. It should be

noted that although a given set of temperatures are disclosed in combination with the

system of Figure 1, these temperatures are exemplary in nature and the present

invention is not limited thereto. The heated working fluid is expanded through an

expansion device 106, which extracts shaft work to operate a compressor, pump or

turbo pump 108 and an electrical generator or other work extraction device that

converts shaft work to a useful form for the application, such as an air compressor,

HVAC compressor or heat pump, and/or a gear box connected to a range of devices

such as a low speed generator, a high speed generator, air compressor, hydraulic

pump 110 . The lower-temperature and pressure working fluid can optionally pass

through a recuperative heat exchanger 112 to preheat the working fluid.

Alternatively, the working fluid may pass through a heat exchanger to heat a second

fluid where the second fluid can include water, a working fluid for a yet third

thermodynamic cycle including for power generation, or an absorption or adsorption

chiller. The cooler-still working fluid is then passed through a heat exchanger 114 to

reject the remaining thermal energy into the fuel stream, which then proceeds

through the remainder of the fuel system, and ultimately to the gas turbine 116 which

is, in one embodiment, connected to combustor 118 and compressor 104.

Alternatively, the remainder of the heat may be rejected to other available heat sinks,

such as a water or air system. Finally, the working fluid is then recompressed by

compressor 108 and passed through the high pressure side of the recuperative heat

exchanger 112 thereby completing the circuit. The compressor, pump or turbo pump



(or other devices) can be in electrical communication with the generator or coupled

to the expander/turbine shaft. The temperatures provided are not intended to be

limitations on the scope of the invention and are provided as exemplary

temperatures only. In one embodiment, the expansion device 106 can be a turbine.

Regarding the working fluid after it exits expansion device 106 and until it

passes through compressor 108, this is the low pressure side of the working fluid

circuit. The other portion of the working fluid circuit of system 100 is considered the

high pressure side. These distinctions will be further discussed in detail below.

In one instance, the working fluid of this embodiment includes, but is not

limited to, a gas and/or supercritical gas or fluid. In one instance, the gas of the

present invention includes, but is not limited to, ambient air, hot air, cold air, carbon

dioxide, nitrogen, helium, combustion gases or waste heat exhaust. In another

instance, the supercritical gas or fluid is formed from, or is, carbon dioxide, helium,

nitrogen, air, argon, ammonia, etc. In yet another instance, the working fluid may

contain a mixture of substances selected for their advantageous thermodynamic and

physical properties.

Turning to the various components of Figure 1, heat exchangers 102, 112 and

114 can each be independently selected from any suitable heat exchanger. Suitable

heat exchangers include, but are not limited to, one or more heat exchangers that

each contain therein one or more cores where each core utilizes microchannel

technology.

As used herein, "microchannel technology" includes, but is not limited to, heat

exchangers that contain one or more microchannels, mesochannels, and/or

minichannels. As used herein the terms "microchannels," "mesochannels," and/or

"minichannels" are utilized interchangeably. Additionally, the microchannels,

mesochannels, and/or minichannels of the present invention are not limited to any

one particular size, width and/or length. Any suitable size, width or length can be

utilized depending upon a variety of factors. Furthermore, any orientation of the

microchannels, mesochannels, and/or minichannels can be utilized in conjunction

with the various embodiments of the present invention.



In another embodiment, a heat exchanger in accordance with the present

invention can be formed with one or more cores having one or more printed circuit

heat exchange (PCHE) panels. Such panels are known in the art, and are described

in United States Patent Nos. 6,921 ,51 8; 7,022,294; and 7,033,553, all of which are

incorporated herein by reference, in their entireties, for their teachings related to

printed circuit heat exchange (PCHE) panels. Other suitable heat exchangers for

use as a regenerator in the system of Figure 1 are disclosed in United States

Published Patent Application No. 2006/0254759, the disclosure of which is

incorporated herein in its entirety.

A non-limiting example of a suitable PCHE panel is described below. As

discussed above, the present invention is not limited thereto. Rather, any suitable

heat exchanger, or PCHE device, can be utilized herein.

In one embodiment, the heat exchanger panel of a desired heat exchanger is

entirely of the printed circuit heat exchanger type (PCHE), and at least two differing

plate designs are used to make up the panel whereby substantial variation in flow

path design is achievable. Primarily, the direction of flow of fluids in the PCHE panel

is initially established by the respective feed and vent connections to inlet and outlet

ports of the assembled PCHE plates constituting the panel. However by altering the

"printed circuit" style design of the flow path in the plates, to provide differing PCHE

plates within the panel, it is possible to control both flow path direction and influence

rate of heat transfer.

Use of plates of differing design is a preferred option for flexibility in design

choice, but in certain cases use of plates of substantially the same design can be

adopted. In the special case of identical square plates juxtaposed in a stack, each

having a particular pattern of passages etched out on the surface thereof, passages

in different orientations can be defined by rotating alternate plates in the plane of the

plate, and optionally interposing plates having no etched surfaces (blanks) where

necessary to prevent intermixing of fluids. In this fashion, a succession of flow paths

in differing directions can be achieved.

It will be understood that the plates having the appropriate channels defined

by etching or the like are stacked and diffusion bonded together to form heat

exchanger panels, and that such panels so formed can, if necessary, be juxtaposed

and joined, for example, by welding to provide a larger panel of a desired height and



width to match the required heat exchanger cross-sectional area. Use of blank (un-

etched plates) is appropriate in some instances to complete a panel and close the

open side of channels formed in an adjacent etched plate. The reference to panels

is for convenience and is not intended to indicate a dimensional limitation. However,

it will be appreciated that the dimensions of the heat exchanger unit will vary

according to a chosen design, and that currently available manufacturing equipment

may impose some practical limitations on panel size in one step. If it is desired to

form relatively large size panels, such practical limitations can be readily overcome

by juxtaposition of a plurality of panels of a size formed within the capacity of the

available equipment and joining thereof by a suitable method such as welding. In this

way a variety of shapes and sizes of the PCHE panel can be constructed.

In one instance, the design of the plates is such that the passages defined by

the printed circuit technique provide for the flow of the heat transfer media in more

than one pass along the length of the plate in each direction. The flow path may be

a serpentine path and optionally includes, in some embodiments, marked changes in

direction to enhance turbulence in the flow of heat exchange media.

The expansion device (also referred to herein as an "expander") may be a

valve or it may be a device capable of transforming high temperature and pressure

fluid into mechanical energy. The expansion device may have an axial or radial

construction; it may be single or multi-staged. Examples include a geroler, a gerotor,

other types of positive displacement devices such as a pressure swing, a turbine, or

any other device capable of transforming a pressure or pressure/enthalpy drop in a

working fluid into mechanical energy.

In still another embodiment, any type of heat exchanger known to those of

skill in the art can be utilized herein so long as such heat exchanger has the capacity

to manage and/or meet the thermal requirements of the system in which it is

incorporated. In still yet another embodiment, the present invention is not only

concerned with providing a system that enables one to address various thermal

management issues in advanced gas turbine engines but also to a system that is

designed to address power management issues.

Regarding components 106, 108 and 110 of the system of Figure 1, these

components vary depending upon the nature of the application for the system. As

such, depending upon the specifications of the system in question, or the application



therefore, one of skill in the art would recognize what type and/or size turbine,

compressor, and/or high-speed electrical generator to use in conjunction with the

system of Figure 1. It should also be appreciated that the nature of components

106, 108 and 110 of Figure 1 could also dictate the type of heat exchangers and/or

working fluid utilized therein.

As for the means by which the working fluid of Figure 1 is conveyed, any

suitable means is within the scope of the present invention. Such means include,

but are not limited to, piping, conduit, tubes, etc. Additionally, with regard to the

various numeric values disclosed in Figure 1, these values are for illustrative

purposes only and are not to be construed as limiting the scope of the present

invention in any manner.

In one embodiment, the thermodynamic cycle that is executed by the thermal

device of the present invention is shown in its most rudimentary form in Figure 2

which is a pressure-enthalpy diagram for carbon dioxide. The thermodynamic cycle

may be described for ease of understanding by referencing a working fluid at point A

on this diagram. At this point, the working fluid has its lowest pressure and lowest

enthalpy relative to its state at any other point during the cycle and as shown on the

diagram. From there, the working fluid is compressed and/or pumped to a higher

pressure (point B on the diagram). From there, thermal energy is introduced to the

working fluid which both increases the temperature of the working fluid and

increases the enthalpy of the working fluid (point C on the diagram). The working

fluid is then expanded through a mechanical process to point (D). From there, the

working fluid discharges heat, dropping in both temperature and enthalpy, until it

returns to point (A). Each process {i.e., A-B, B-C, C-D, D-A) need not occur as

shown on the exemplary diagram and one of ordinary skill in the art would recognize

that each step of the cycle could be achieved in a variety of ways and/or that it is

possible to achieve a variety of different coordinates on the diagram. Similarly, each

point on the diagram may vary dynamically over time as variables within and external

to the system change, i.e., ambient temperature, waste heat temperature, amount of

mass in the system.

In one embodiment of the thermal device of Figure 1, the cycle is executed

during normal, steady state operation such that the low pressure side of the system

(points A and D on Figure 2) is between 400 psia and 1500 psia and the high



pressure side of the system is between 2500 psia and 4500 psia (points B and C

Figure 2). One of ordinary skill in the art would recognize that either or both higher

or lower pressures could be selected for each or all points. In the one embodiment

of the cycle, it will be observed that between points C and D, the working fluid

transitions from a supercritical state to a subcritical state (i.e., a transcritical cycle);

one of ordinary skill in the art would recognize that the pressures at points C and D

could be selected such that the working fluid remained in a supercritical state during

the entire cycle.

In one embodiment of the thermal engine, the working fluid is carbon dioxide.

The use of the term carbon dioxide is not intended to be limited to carbon dioxide of

any particular type, purity or grade of carbon dioxide although industrial grade

carbon dioxide is the preferred working fluid. Carbon dioxide is a greenhouse

friendly and neutral working fluid that offers benefits such as non-toxicity, non-

flammability, easy availability, low price, and no need of recycling.

In one embodiment, the working fluid is in a supercritical state over certain

portions of the system (the "high pressure side"), and in a subcritical state at other

portions of the system (the "low pressure side"). In other embodiments, the entire

cycle may be operated such that the working fluid is in a supercritical or subcritical

state during the entire execution of the cycle.

In various embodiments, the working fluid can be a binary, ternary or other

working fluid blend. The working fluid combination would be selected for the unique

attributes possessed by the fluid combination within a heat recovery system as

described herein. For example, one such fluid combination is comprised of a liquid

absorbent and carbon dioxide enabling the combined fluid to be pumped in a liquid

state to high pressure with less energy input than required to compress CO2. In

another embodiment, the working fluid may be a combination of carbon dioxide and

one or more other miscible fluids. In other embodiments, the working fluid can be a

combination of carbon dioxide and propane, or carbon dioxide and ammonia.

One of ordinary skill in the art would recognize that using the term "working

fluid" is not intended to limit the state or phase of matter that the working fluid is in.

In other words, the working fluid may be in a fluid phase, a gas phase, a supercritical

phase, a subcritical state or any other phase or state at any one or more points

within the cycle.



Turning to Figure 3, Figure 3 illustrates another system in accordance with the

present invention. In the system of Figure 3 an alternate embodiment is shown in

which the recuperator of Figure 1 is eliminated. In the system 200 of Figure 3, the

system shown therein utilizes waste heat from the gas turbine lubrication system to

preheat the working fluid.

Regarding the components of the system 200 of Figure 3, these components

are similar to those of Figure 1. As such, a detailed discussion herein is omitted for

the sake of brevity. In the system of Figure 3, heat from heat exchanger 214

receives a heated working fluid from expansion device 106 and "removes" heat from

the working fluid to, in one embodiment, pre-heat fuel that is then provided ultimately

to the gas turbine 116. Additionally, system 200 of Figure 3 further comprises a heat

exchanger 220 that receives a working fluid from compressor, pump or turbo pump

108 and "removes" heat from the working fluid to, in one embodiment, cool a

lubricant for a gas turbine lubricant system. The working fluid is then re-supplied to

heat exchanger 102 as shown in Figure 3 .

Regarding the working fluid after it exits expansion device 106 and until it

passes through compressor 108, this is the low pressure side of the working fluid

circuit. The other portion of the working fluid circuit of system 200 is considered the

high pressure side. These distinctions are discussed in detail above.

In still another embodiment, the systems of the present invention, as

represented by Figures 1 and 3, can be further modified by including therein any

suitable elements of a fuel system from an airplane engine or other vehicle fuel

system. In this embodiment, the systems of the present invention would be

designed to address various thermal management issues in advanced gas turbine

airplane engines. In another embodiment, the present invention further relates to a

method to extract heat from an air stream, utilize a significant fraction for on-board

power generation, and reject a small quantity of heat to the fuel stream safely at, for

examples, a lower temperature in conjunction with one or more airplane engines

and/or fuel systems.

In light of the above, in one embodiment, the present invention relates to a

thermal management system for a gas turbine engine comprising: a working fluid

circuit having a high pressure side and a low pressure side, and a working fluid

contained in the working fluid circuit; a heat exchanger in the working fluid circuit and



in thermal communication with at least one gas turbine engine, the at least one gas

turbine engine acting as a heat source connected to the working fluid circuit,

whereby thermal energy is transferred from the heat source to the working fluid in

the working fluid circuit; an expander in the working fluid circuit and located between

the high pressure side and the low pressure side of the working fluid circuit and

operative to convert a pressure drop in the working fluid to mechanical energy; a

recuperative heat exchanger in the working fluid circuit operative to transfer thermal

energy between the high pressure side and the low pressure side of the working fluid

circuit; and a pump in the working fluid circuit and connected to the low pressure side

and to the high pressure side of the working fluid circuit and operative to move the

working fluid through the working fluid circuit.

Given the above, in one embodiment, this thermal management system

utilizes a heat exchanger that comprises one or more cores having one or more

printed circuit heat exchange panels. Additionally, in one embodiment, this thermal

management system utilizes a working fluid that is carbon dioxide in a supercritical

state in at least a portion of the working fluid circuit. In another embodiment, this

thermal management system utilizes a working fluid that is carbon dioxide in a

subcritical state and a supercritical state in different portions of the working fluid

circuit. In still another embodiment, this thermal management system utilizes a

working fluid that is ammonia in a supercritical state in the working fluid circuit. In

still yet another embodiment, this thermal management system utilizes a working

fluid that is ammonia in a subcritical state and a supercritical state in the working

fluid circuit.

In one embodiment, this thermal management system utilizes a recuperative

heat exchanger that comprises one or more cores having one or more printed circuit

heat exchange panels. In another embodiment, this thermal management system

further comprising a low pressure heat exchanger operative to transfer thermal

energy between the low pressure side and a fuel supply for the at least one gas

turbine engine.

In another embodiment, the present invention relates to a thermal

management system for a gas turbine engine comprising: a working fluid circuit

having a high pressure side and a low pressure side, and a working fluid contained

in the working fluid circuit; a heat exchanger in the working fluid circuit and in thermal



communication with at least one gas turbine engine, the at least one gas turbine

engine acting as a heat source connected to the working fluid circuit, whereby

thermal energy is transferred from the heat source to the working fluid in the working

fluid circuit; an expander in the working fluid circuit and located between the high

pressure side and the low pressure side of the working fluid circuit and operative to

convert a pressure drop in the working fluid to mechanical energy; a low pressure

heat exchanger in the working fluid circuit operative to transfer thermal energy

between the low pressure side and a fuel supply for the at least one gas turbine

engine; a pump in the working fluid circuit and connected to the low pressure side

and to the high pressure side of the working fluid circuit and operative to move the

working fluid through the working fluid circuit; and a high pressure heat exchanger in

the working fluid circuit operative to transfer thermal energy between the high

pressure side and a lubricating system for the at least one gas turbine engine.

Given the above, in one embodiment, this thermal management system

utilizes a heat exchanger that comprises one or more cores having one or more

printed circuit heat exchange panels. Additionally, in one embodiment, this thermal

management system utilizes a working fluid that is carbon dioxide in a supercritical

state in at least a portion of the working fluid circuit. In another embodiment, this

thermal management system utilizes a working fluid that is carbon dioxide in a

subcritical state and a supercritical state in different portions of the working fluid

circuit. In still another embodiment, this thermal management system utilizes a

working fluid that is ammonia in a supercritical state in the working fluid circuit. In

still yet another embodiment, this thermal management system utilizes a working

fluid that is ammonia in a subcritical state and a supercritical state in the working

fluid circuit.

In one embodiment, this thermal management system utilizes a low pressure

heat exchanger that comprises one or more cores having one or more printed circuit

heat exchange panels. In one embodiment, this thermal management system

utilizes a high pressure heat exchanger that comprises one or more cores having

one or more printed circuit heat exchange panels.

In one embodiment, the system of the present invention is advantageous in

that it can be utilized in conjunction with any type of gas turbine {e.g., gas turbines

that are utilized to generate power at, for example, a power plant) regardless of size.



In another embodiment, the system of the present invention is advantageous in that

the system can be adapted to be used in conjunction with gas turbine engines that

are primarily designed to provide power to a vehicle (e.g., airplane). While these gas

turbines might be slightly different, the system of the present invention can be

applied to both. As such, all types of gas turbines and/or gas turbine engines are

collectively referred to herein as "gas turbine engines." Additionally, in the instance

when the system of the present invention is utilized in conjunction with one or more

gas turbine engines on, for example, an airplane, the system of the present invention

is advantageous in that it utilizes components that are compact, light in weight,

and/or have a high energy density. Thus, a system in accordance with one

embodiment of the present invention offers the flexibility of providing a thermal

management system for a gas turbine in a situation where size and/or weight issues

and/or concerns are present.

Although the invention has been described in detail with particular reference

to certain aspects detailed herein, other aspects can achieve the same results.

Variations and modifications of the present invention will be obvious to those skilled

in the art, and the present invention is intended to cover in the appended claims all

such modifications and equivalents.



CLAIMS

What is claimed is:

1. A thermal management system for a gas turbine engine comprising:

a working fluid circuit having a high pressure side and a low pressure

side, and a working fluid contained in the working fluid circuit;

a heat exchanger in the working fluid circuit and in thermal

communication with at least one gas turbine engine, the at least one gas turbine

engine acting as a heat source connected to the working fluid circuit, whereby

thermal energy is transferred from the heat source to the working fluid in the working

fluid circuit;

an expander in the working fluid circuit and located between the high

pressure side and the low pressure side of the working fluid circuit and operative to

convert a pressure drop in the working fluid to mechanical energy;

a recuperative heat exchanger in the working fluid circuit operative to

transfer thermal energy between the high pressure side and the low pressure side of

the working fluid circuit; and

a pump in the working fluid circuit and connected to the low pressure

side and to the high pressure side of the working fluid circuit and operative to move

the working fluid through the working fluid circuit.

2 . The thermal management system of claim 1, wherein the heat

exchanger comprises one or more cores having one or more printed circuit heat

exchange panels.

3 . The thermal management system of claim 1, wherein the expander

comprises a turbine.

4 . The thermal management system of claim 3, further comprising a

power generator coupled to the expander.



5 . The thermal management system of claim 4, wherein the power

generator is selected from a low speed generator, a high speed generator, air

compressor, or a hydraulic pump.

6 . The thermal management system of claim 1, further comprising a

power generator coupled to the expander.

7 . The thermal management system of claim 6, wherein the power

generator is selected from a low speed generator, a high speed generator, air

compressor, or a hydraulic pump.

8 . The thermal management system of claim 1, wherein a portion of the

working fluid from the high pressure side of the working fluid circuit is used as

coolant for the expander.

9 . The thermal management system of claim 1, wherein the working fluid

is in a supercritical state.

10 . The thermal management system of claim 1, wherein the working fluid

is selected from carbon dioxide, helium, nitrogen, argon or ammonia.

11. The thermal management system of claim 10, wherein the working fluid

is carbon dioxide.

12 . The thermal management system of claim 10, wherein the working fluid

is carbon dioxide in a supercritical state in at least a portion of the working fluid

circuit.

13 . The thermal management system of claim 10, wherein the working fluid

is carbon dioxide in a subcritical state and a supercritical state in different portions of

the working fluid circuit.



14. The thermal management system of claim 10, wherein the working fluid

is ammonia.

15 . The thermal management system of claim 10, wherein the working fluid

is ammonia in a supercritical state in the working fluid circuit.

16 . The thermal management system of claim 10, wherein the working fluid

is ammonia in a subchtical state and a supercritical state in the working fluid circuit.

17 . The thermal management system of claim 1, wherein the recuperative

heat exchanger comprises one or more cores having one or more printed circuit heat

exchange panels.

18 . The thermal management system of claim 1, further comprising a low

pressure heat exchanger operative to transfer thermal energy between the low

pressure side and a fuel supply for the at least one gas turbine engine.

19 . The thermal management system of claim 1, wherein the at least one

gas turbine engine is an airplane gas turbine engine.

20. A method of cooling at least one gas turbine engine using the system

of claim 1.

2 1 . A thermal management system for a gas turbine engine comprising:

a working fluid circuit having a high pressure side and a low pressure

side, and a working fluid contained in the working fluid circuit;

a heat exchanger in the working fluid circuit and in thermal

communication with at least one gas turbine engine, the at least one gas turbine

engine acting as a heat source connected to the working fluid circuit, whereby

thermal energy is transferred from the heat source to the working fluid in the working

fluid circuit;



an expander in the working fluid circuit and located between the high

pressure side and the low pressure side of the working fluid circuit and operative to

convert a pressure drop in the working fluid to mechanical energy;

a low pressure heat exchanger in the working fluid circuit operative to

transfer thermal energy between the low pressure side and a fuel supply for the at

least one gas turbine engine;

a pump in the working fluid circuit and connected to the low pressure

side and to the high pressure side of the working fluid circuit and operative to move

the working fluid through the working fluid circuit; and

a high pressure heat exchanger in the working fluid circuit operative to

transfer thermal energy between the high pressure side and a lubricating system for

the at least one gas turbine engine.

22. The thermal management system of claim 2 1, wherein the heat

exchanger comprises one or more cores having one or more printed circuit heat

exchange panels.

23. The thermal management system of claim 2 1 , wherein the expander

comprises a turbine.

24. The thermal management system of claim 2 1 , further comprising a

power generator coupled to the expander.

25. The thermal management system of claim 24, wherein the power

generator is selected from a low speed generator, a high speed generator, air

compressor, or a hydraulic pump.

26. The thermal management system of claim 2 1 , further comprising a

power generator coupled to the expander.

27. The thermal management system of claim 26, wherein the power

generator is selected from a low speed generator, a high speed generator, air

compressor, or a hydraulic pump.



28. The thermal management system of claim 2 1 , wherein a portion of the

working fluid from the high pressure side of the working fluid circuit is used as

coolant for the expander.

29. The thermal management system of claim 2 1 , wherein the working fluid

is in a supercritical state.

30. The thermal management system of claim 2 1 , wherein the working fluid

is selected from carbon dioxide, helium, nitrogen, argon or ammonia.

3 1 . The thermal management system of claim 30, wherein the working fluid

is carbon dioxide.

32. The thermal management system of claim 30, wherein the working fluid

is carbon dioxide in a supercritical state in at least a portion of the working fluid

circuit.

33. The thermal management system of claim 30, wherein the working fluid

is carbon dioxide in a subcritical state and a supercritical state in different portions of

the working fluid circuit.

34. The thermal management system of claim 30, wherein the working fluid

is ammonia.

35. The thermal management system of claim 30, wherein the working fluid

is ammonia in a supercritical state in the working fluid circuit.

36. The thermal management system of claim 30, wherein the working fluid

is ammonia in a subcritical state and a supercritical state in the working fluid circuit.

37. The thermal management system of claim 2 1, wherein the low

pressure heat exchanger comprises one or more cores having one or more printed

circuit heat exchange panels.



38. The thermal management system of claim 2 1 , wherein the high

pressure heat exchanger comprises one or more cores having one or more printed

circuit heat exchange panels.

39. The thermal management system of claim 2 1, wherein the at least one

gas turbine engine is an airplane gas turbine engine.

40. A method of cooling at least one gas turbine engine using the system

of claim 2 1 .
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