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(57) Abstract: The present invention provides a miniature gas turbine engine for power generation. The engine has a highly inte-
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Miniature Gas Turbine Engine with Unitary Rotor

Shaft for Power Generation

BACKGROUND OF TH.

L]

INVENTION

1. Field of the Invention

The present invention relates. generally to miniaturized

turbomachines, and, more particularly, to a miniature gas

turbine engine for power generation with a unitary zrotor

shaft where turbine, compressor, rotor shaft, and power

generator are integrated in one piece.

2. Description of the Related Art

The fundamental components of a gas turbine engine for power

generation include a combustor, a turbine, a compressor, a

—
—

rotor shaft, and an alternator, which 1s on the extension of

the rotor shaft and which converts mechanical energy into

usable electric power. The turbine and compressor reside in

a high temperature (hot) zone of the engine while the rotor

shaft, carrving the turbine and compressor, extends from the

hot zone to a low temperature (cold) zone. In known gas

turbine engines, the turbine, compressor, and rotor shaft

are usually 7Jolned or assembled and not fabricated as one

piece. Furthermore, the rotor shaft may be made of two

different materials such as steel and ceramic.

In U.S. Pat. No. 4,063,850, titled “GAS TURBINE ENGINE
HAVING A CERAMIC TURBINE WHEEL,” issued to Hueber et al.,

and assigned to Motoren- und Turbinen-Union Munchen GmbH,

Munich, Germany, hereinafter referred to as Hueber, a rotor

shaft comprising a metal portion and a ceramic portion is

disclosed. In Hueber, a turbine wheel 1s made from a

ceramlic material and is formed integrally as one piece with

1
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the ceramic portion of the rotor shaft. The place of

connection, which may be made by brazing, 1nterlocking, or

e

fusing, of the metal portion to the ceramic portion oI the

shaft is located in a cooler zone of the engine. Precilision

shaft assembly 1s required to manufacture the gas turbine

engine disclosed by Hueber.

In U.S. Pat. No. 5,102,305, titled "“TURBOMACHINE HAVING A
UNITARY CERAMIC ROTATING ASSEMBLY,” 1i1ssued to

pa—

Bescoby et

al., and assigned to Allied-Signal Inc., N.J., U.S5.A.,

hereinafter referred to as Bescoby, a unitary ceramic

rotating assembly mounted within a split housing 1is

disclosed. In Bescoby, the unitary rotating assembly

includes a ceramic shaft, fins, a bearing runner, as well as

a turbine and a compressor symmetrically attached to

"

opposite ends of the ceramic shaft, all of which are mounted

r——
p—

within the split housing. The unitary rotating assembly of

Bescoby is a complex design where the rotor shaft must Dbe

mounted within the split housing and supported by a

hydrodynamic f£ilm of fluid. Furthermore, Bescoby does not

address whether the unitary rotating assembly 1is sultable

for gerierating power in miniature applications.

As illustrated in Hueber and Bescoby, conventional

compressor and turbine for a gas turbine engine have three-

dimensionally complicated geometry based on turbo machinery

design. Due to design and shape complexities, 1individual

components are manufactured separately and assembled Dby

using a various kind of joining techniques. For miniature

applications, such conventional assembly process becomes

more challenging as the size of the components 1s scaled

down.
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The need for a portable miniature power source is i1ncreasing

with the development of unmanned aerial vehicles, autonomous

robots and other scaled-down mobile, sensory, surveillance

devices. As one skilled in the art would appreciate, since

the physics and mechanics influencing the design of the

P

3 miniature device do change with scale, some

components O

F

scaling effects in designing miniature devices can be

extremely difficult to overcome, Ifor example, the wviscous

forces in the fluid, surface area to volume ratios, chemical

reaction times, the electric field strength, and

manufacturing constraints, which are limited mainly to two-

dimensional planar geometries. Other design and aerodynamic

issues related to the compressor and turbine of miniature

turbomachines include low Reynolds number, surface

roughness, tip clearances, and minimum feature size, all of

g

which can lead to reduced levels of performance.

SUMMARY OF THE INVENTION

Accordingly, it is a primary goal of the present invention

to provide a new, useful, and reliable miniature gas turbine

engine for power generation. This goal is achileved with a

high quality and high performande unitary rotor shaft that

combines and integrates turbine, compressor, and shaft in

one piece. Preferably, the Mold SDM fabrication technique 1s

utilized to make the unitary rotor shaft in one monolithic,

three-dimensional part out of ceramics such as silicon

nitride, an extremely strong material. The turbine and

compressor are positioned back to back on the shaft 1in an

overhung configuration, allowing the front bearings to Dbe

located in the cold zone of the engine.

Integrated with a permanent magnet in the unitary rotor
shaft, the miniature gas turbine engine can Jenerate

electric power of 1kW or less, e.g., 100W. The axial length
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The unitary nature of the highly integrated rotor shaft

-

The 1nventive

reliability of

miniature gas

effectively elimine
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of the miniature gas turbine engine is about 100 mm or less.

tes the costly post process assembly.

design also enhances the 1integrity and

the rotor shaft.

The components of the

turbine engine according to the present

invention are extremely small compared to a conventlonal gas

turbine engine,

e.g., 1n some embodiments, the diameter of

the turbine and compressor configuration 1s about 20 mm or

less. Because

of its small size and lightweight, the

miniature gas turbine engine can be used as a portable

energy source and 1S

-

particularly suitable for a power

supply device in mobile applications, for example, portable

devices, unmanne

d vehicles, and autonomous ropots.

BREIF DESCRIPTION OF THE DRAWINGS

the present invention.

FIG. 2 1s a cross sectional view O

FIG. 1 is a side view of a unitary rotor shaft according to

© a unitary rotor shaft

integrated with a permanent magnet for power

generation according to &

FITCG. 3 1is a cross sectional view of

engine having a unite

permanent magnet

- the i1nvention.

aspect o:

—

n aspect of the invention.

- miniature gas turbine

-

ry rotor she

ft integrated with a

P

for power generation according to an

DETAILED DESCRIPTION OF THE INVENTION

This invention presents a new and inventive miniature gas

turbine engine

shaft where turbine,

piece. Utilizing novel

for power generation with a unitary rotor

compressor and shaft are made in one

fabrication techniques for very

and three-dimensionally complicated

components, this inventive design advantageously eliminates

the post proces

s shaft assembly, enables the manufacturing
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of a high-quality and high-performance unitary rotor shaft,

thereby provides a viable and reliable miniature gas turbine

engine for power generation.

turbine engine is about 100mm or

The size of minlature gas

less in axial length and 1t

generates electric power of about 1 kW or less, e.g., about

100W. Because of 1ts small size and lightweight, the

miniature gas turbine engine 1s

gt

particularly sultable for a

power supply device in mobile applications.

There 1s an ongoing effort in

the art to develop micro

scale, lightweight power generator for portable power

sources, autonomous robots, and miniature factories, etc.

" These applications require both large energy density and

large power density at up to 1 kW power range. As dilscussed

herein, due to the scaling

P

effects, 1t 1s extremely

difficult to design and produce a reliable and viable

miniature power source. Amongst combustion type power

generators, gas turbine engines are ideal candidates for

miniaturization due to their

simple, non-reciprocating

mechanisms and continuous combustion.

The fundamental design of a gas turbine engine includes a

compressor, a rotor shaft, a turbine, a combustor and an

alternator, which is on the extension of the rotor shaft and

converts mechanical energy 1nto

usable electric power. The

components for the miniature gas turbine disclosed herein

are extremely Small compared to

a conventional gas turbine

engine. In some embodiments, a diameter of the

compressor/turbine wheels is less than 20 mm and the Dblade

thickness is less than 500 wpum. For a self-sustaining

operation, the unitary rotor sha

ft according to the present

invention can spin at more than 500,000 rpm.
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FTG. 1 illustrates a side view of a fully integrated unitary

rotor shaft 100 characterized as having a turbine portion

101 and a compressor portion 102 asymmetrically positioned

3t a first end 110 of the rotor shaft 100, with a shaft

portion 103 axially extending from the first end 110 to a

second end 120 of the rotor shaft 100. As disclosed herein,

g
el

in some embodiments, the first end 110 is. in the hot zone of

a miniature gas turbine engine and the second end 120 1s 1in

the cold zone of the engine. The distance between the first

and second ends can be smaller than 100 mm.

According to an aspect of the invention, the unitary rotor

shaft 1is integrated with a power generator. In some

embodiments, the unitary rotor shaft is integrated with a

permanent magnet in the shaft portion for power generation.

FIG. 2 shows a cross sectional view of an exemplary unitary

rotor shaft 200 integrated with a permanent magnet 230. The

-~

unitary rotor shaft 200 has a turbine portion 201 and a

compressor portion 202 asymmetrically positioned back-to-

back at a first end 210 of the rotor shaft 200, with a shaft

portion 203 axially extending from the first end 210 to a

second end 220 of the rotor shaft 200. In this embodiliment,

the permanent magnet 230 is integrated towards the second

end 220 away from the compressor 202.

The permanent magnet 230 can be embedded or otherwlse made

as part of the wunitary rotor shaft 200 during the

manufacturing process thereof, or it can be attached to the

shaft using a variety of techniques such as shrink fitting,

adhesives, blazing, and diffusion bonding.

FIG. 3 illustrates a miniature gas turbine engine 300

comprising a combustion chamber 360, 1inlet nozzle 363,

diffuser 370, and a unitary rotor shaft 305 integrated with
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a permanent magnet 330 for power generation. Structural

support is additionally provided by connectors 380. The

unitary rotor shaft 305 has a turbine portion 301 and a

compressor portion 302 positioned back-to-back 1in an

overhung configuration. A shaft portion 303 axially extends

from the compressor portion 302. In this embodiment, the

permanent magnet 330 is integrated in the shaft portion 303

away from the compressor 302 and is housed 1in a housing 340

together with stator assembly 350, which 1ncludes a stator

and coil 351. Components of gas turbine engines are well

understood by one skilled in the art and thus are not

further described herein.

The unitary rotor shaft 305 is supported by journal/thrust

bearings 345 located in the cold zone 390. Thermally severe

operating conditions are a common problem 1in conventional

rotor shaft configurations where the rear bearing 1s exposed

to high temperature due to its location between or otherwilse

in close proximity to the compressor and the turbine. By

allowing the bearings 345 to be located at the front end

away from the compressor, i.e., in the cold zone 390 where

the temperature is in a moderate range, the miniature gas

turbine engine 300 according to the present invention has

the advantage of preventing the bearings from thermally

severe operating conditions.

On the other hand, the unitary rotor shaft must withstand

high temperature, high pressure, high speeds, and internal

vibration of the miniature gas turbine engine. Accordingly,

U )

fabrication processes utilized to produce the unitary rotor

shaft should be capable of producing high quality unitary

rotor shafts, i.e., small, complex, intricate, three-

dimensional parts with integrated macro and micro features,

that meet shape accuracy, surface quality, material
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h

abrication processes include layer manufacturing (LM)

N

processes such as the mold shape deposition manufacturing

(Mold SDM) process and the laser engineered net shape (LENS)

process.

In a preferred embodiment, the unitary rotor shaft 1s

fabricated utilizing the Mold SDM process. The Mold SDM 1is
a two-step process that can be used to build simple as well

as complex, three-dimensional ceramic, metal and polymer

parts. Fugitive molds are first built using an additive-

subtractive layered manufacturing process. The molds can be

made of any kinds of fugitive material, e.g., wax. A variety
of castable materials, including ceramic and metal

gelcasting slurries as well as castable thermoset polymers,

can be cast into these molds to produce parts. The Mold SDM

process advantageously provides both shape complexity and

superior surface finish compared to the other rapild

prototyping processes such as 3-D printing,

stereolithography (SLA), selective laser sintering (SLS) and

fused deposition manufacturing (FDM). For detailed teachings

on Mold SDM, readers are referred to A.G. Cooper, S. kang,

J.W. Kietzman, F.B. Prinz, J.L. Lombardi, and L. Weilss,

“Automated Fabrication of Complex Molded Parts Using Mold

Shape Deposition Manufacturing” Materials and Design,

20(2/3) :83-89, 1959.

The unitary rotor shaft is characterized as a monolithic

structure that can be made entirely of heat-resistant

metals, e.g., a hard alloy containing principal constituents

of nickel, chromium, and cobalt, with lesser amounts of

e and

aluminum, titanium, tungsten, molybdenum, tantalum, cadmium,

copper and/or zinc in varying proportions. An exemplary

alloy is a complex super alloy known as Inconel®.
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Preferably, the unitary rotor shaft 1is

single ceramic material,

a ceramic composite,

PCT/US2003/015510

made entirely of a

such as silicon nitride (Si3Ng), or

such as silicon nitride (SizNg)

strengthened with silicon carbide (SiC)

whiskers. Among the

ceramic materials, silicon nitride can have exceptional high

temperature properties as well as low density (s.g. = 3.3,

approximately). These properties msa

ke silicon nitride a very

attractive material for the components of mobile power

—

sources. However, application of silicon

by two major issues: reliability and dif

parts, especlally where

nitride 1s hindered

ficulties i1n shaping

joining parts 1s requilred.

Furthermore, since the strength of ceramic parts is highly

sensitive to the surface smoothness due to the brittleness

11}

important 1n the

of ceramics, superior

pl—

surface finish 1is particularly

fabrication of ceramic components. An

aspect of the present invention provides a method of making

a unitary rotor shaft with the Mold S

nature of the 1nventive rotor sha:

DM process. The unitary

't design advantageously

eliminates issues related to joining parts while the Mold

SDM process provides superior surface

herein.

finish as described

Compared with conventional methods 1n which a compressor

wheel and a turbine wheel are individually fabricated out of

F
—

heat resistant metals or ceramics and then assembled Dby

joining techniques such

fitting, the highly integre

to the present invention has the

1 .Strength of rotor

sha

as interlocking,

blazing and shrink

ted unitary rotor shaft according

following advantages:

ft essentially equals material

strength - no critical bottleneck with lower strength.

2 .Shaft straightness

mailntained.

is

relatively easily achleved and
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‘)

3.Utilizing a novel manufacturing technique, which allows

unitary rotor shaft fabrication with intricate three-

—
—

dimensional features of less than 500 pm, the difficult,

costly, and time-consuming post process assembly can

be

eliminated or substantially minimized. Investment casting

using SLA model, Shape Deposition Manufacturing (SDM),

Mold SDM are good candidates for the process.

gr—
—a

and

4. The problem caused by coefficient thermal expansion (CTE)

difference within a rotor shaft, between and around the

hot and cold zones, 1is eliminated.

In embodiments where the highly integrated unitary rotor

shaft is made of a ceramic material, the present invention

provides the following advantages:

5.Low density of the ceramic material helps to lower the

)

I

weight of the overall device, the inertia of the rotor,

and the required supporting force of bearings.

6.Stress resulting from centrifugal force is dramatically

reduced.

7. Due to low CTE of the ceramic material, heat expansion of

the unitary rotor shaft is reduced, which minimizes

problems that may occur during assembly wilth other

components of the miniature gas turbine engilne such as the

diffuser, shroud, and inlet nozzle, which may be made

metals.

3. The inventive rotor configuration such as the location of

nd

critical components, i.e., the compressor, turbine,

of

ph—
—

bearings, affords less attention to zone temperature and

therefore provides design flexibility otherwise

unavalilable.

9.Due to low heat conductivity, total amount of heat flux

translating from the hot zone to the cold zone 1is reduced.

10
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_

Another advantage of the miniature gas turbine engine

according to the present invention is the increased power

density. The power density can be measured by power/volume

and/or power/welght. The latter is occasionally more

attractive in some mobile applications. Moreover, since the

same output power can be achieved in a smaller volume using

multiple small (micro) engines, a redundant system can be

implemented instead of one big engine. Such design, 1.e.,

the redundant system with multiple micro engines, further

enhances reliability in mobile applications.

Although the present invention and its advantages have Dbeen

described in detail, it should be understood  that the

present invention is not limited to or defined by what 1is

shown or discussed herein. For example, the present

invention is not limited by types of engine gas flow, axial

or radial. As such, the drawings and description disclosed

et pr—

herein are for purposes of 1illustrating a preferred

embodiment (s) of the present invention and are not to be
construed as limiting the present invention. Known methods,

systems, or components may be discussed without giving

details, so to avoid obscuring the principles of the

invention.

p—

As it will be appreciated by one of ordinary skill in the

art, various changes, substitutions, and alternations could

be made or otherwise implemented without departing from the

principles of the present invention. Accordingly, the scope

of the invention should be determined by the following

claims and their legal egquivalents.
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WE CLAIM:

1. A miniature gas turbine engine characterized as having an axial length of
about 100 mm or less, the miniature gas turbine engine comprising:

a unitary rotor shaft having a turbine portion and a compressor portion
asymmetrically positioned at a first end of the unitary rotor shaft and a shaft
portion axially extending from the first end to a second end of the unitary rotor
shaft;

a stator assembly connected to a housing of the turbine portion; and journal/
thrust bearings in the stator assembly supporting the unitary rotor shatft into the

housing of the turbine.

2. The miniature gas turbine engine according to claim 1, in which the first
end is in a hot zone of the miniature gas turbine engine and the second end i1s In

a cold zone of the miniature gas turbine engine.

3. The miniature gas turbine engine according to claim 1, in which diameter

of the turbine portion and the compressor portion is about 20 mm or less.

4. The miniature gas turbine engine according to claim 1, in which blade

thickness of the turbine portion and the compressor portion is about 500 pm or

less.

12
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D. The miniature gas turbine engine according to claim 1, in which a distance

pbetween the first end and the second end is less than 100 mm.

6. The miniature gas turbine engine according to claim 1, further comprising:
magnetic means integrated in the shaft portion for generating power of about 1

kW or less.

7. The miniature gas turbine engine according to clam 6, in which the
magnetic means is a permanent magnet embedded in the shaft portion anad

made as part of the unitary rotor shaft.

8. The miniature gas turbine engine according to clam 6, in which the

magnetic means is a permanent magnet attached to the unitary rotor shaft.

9. The miniature gas turbine engine according to claim 6, in which the

magnetic means Is integrated in the unitary rotor shaft by shrink fitting,

adhesives, blazing, or bonding.

10. The miniature gas turbine engine according to claim 1, in which the unitary
rotor shaft is made of a hard alloy containing principal constituents of nickel,

chromium, and cobalt, with lesser amounts of aluminum, titanium, tungsten,

molybdenum, tantalum, cadmium, copper, and zinc in varying proportions.

13
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11. The miniature gas turbine engine according to claim 1, in which the unitary
rotor shaft is made of a heat-resistant material selected from the group
consisting of a complex super alloy, a monolithic ceramic material, a ceramic

composite, silicon nitride, and silicon nitride strengthened with silicon carbide

whiskers.

12. The miniature gas turbine engine according to claim 1, in which the unitary
rotor shaft is made with a fabrication process selected from the group consisting
of layer manufacturing, shape deposition manufacturing, moid shape deposition

manufacturing, stereolithography, and laser engineered net shape.

13. A method of making a miniature gas turbine engine for power generation,
the method comprising:

utiizing a fabrication process selected from the group consisting of layer
manufacturing, shape deposition manufacturing, mold shape deposition
manufacturing, stereolithography, and laser engineered net shape to construct a
highly integrated unitary rotor shaft having a turbine portion and a compressor
portion asymmetrically positioned at a first end of the unitary rotor shaft and a
shaft portion axially extending from the first end to a second end of the unitary
rotor shaft, wherein a stator assembly is connected to a housing of the turbine
portion and journal/thrust bearings in the stator assembly are disposed to
support the unitary rotor shaft into the housing of the turbine, wherein a diameter

of the turbine portion and the compressor portion is about 20 mm or less, blade

14
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thickness of the turbine portion and the compressor portion is about 500 ym or

less, and a distance between the first end and the second end Is less than 100

mm.

14.  The method of claim 13, further comprising:

iIntegrating a magnetic means in the shaft portion.

15.  The method of claim 13, further comprising:

attaching a permanent magnet to the unitary rotor shaft after the fabrication

process.

16.  The method of claim 13, further comprising:

embedding a permanent magnet to the unitary rotor shaft by shrink fitting,

adhesives, blazing, or bonding.

17. The method of claim 13, in which the unitary rotor shaft is made of a hard
alloy containing principal constituents of nickel, chromium, and cobalt, with lesser

amounts of aluminum, titanium, tungsten, molybdenum, tantalum, cadmium,

copper, and zinc in varying proportions.

18. The method of claim 13, in which the unitary rotor shaft is made of a heat-

resistant material selected from the group consisting of a complex super alloy, a

15
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monolithic ceramic matenal, a ceramic composite, silicon nitride, and silicon

nitride strengthened with silicon carbide whiskers.
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