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IMPROVED REFRIGERATION DEVICE WITH IMPROVED DC MOTOR
DOCKET IMA-0019-MC3

Technical Field:

[0001] The invention provides an improved minjature refrigeration system or cryocooler

for cooling an element to a cryogenic temperature, e.g. less than 200°K but usually
77°K or below, and for maintaining the element at the cooled temperature for an
extended period. In particular, the invention provides improvements to a DC motor
used to drive a refrigeration gas compressor, improvements to the refrigeration gas
compressor and improvements to elements of the drive coupling between the DC

motor and a compressor piston and a regenerator piston.

Background Art:

[0002] Miniature refrigeration devices based on the Stirling-cycle are used in infrared

(IR) imaging systems to maintain an IR detector at a constant cryogenic
temperature during operation. Miniature refrigeration devices may also be used in
other fields, e.g. for maintaining superconductive materials at a constant cryogenic
temperature during operation. However, the improvements described herein are
more generally usable in DC motors and compressors used for any application that

may require increased operating efficiency and improved reliability.

[0003] A Stirling cycle cryocooler is described in US Pat. No. 4858442 by Stetson and

assigned to FLIR SYSTEMS INC., (Applicant) A cryocooler device having similar
characteristics to those described in US Pat. No. 4858442 is manufactured and sold
commercially by FLIR SYSTEMS INC. In particular, Stetson describes a
miniature cryocooler system that includes a single DC motor configured to
simultaneously drive a compression piston and a regenerator piston. A DC motor
shaft rotates a drive coupling to deliver a linear drive force to a compression piston
and to a regenerator piston. A flexible vane comprising a flat thin flexible spring
constrained at its ends is linked between the drive coupling and the larger
compression piston to deliver the linear drive force that reciprocates the

compression piston in its mating compression cylinder in response to rotation of the
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drive coupling. During operation, the flexible vane bends along its longitudinal
axis as it pushes and draws the compression piston along the compression cylinder.
One mode of catastrophic cryocooler failure occurs when the flexible vane fractures
or is bent beyond the yield limit of the material and becomes permanently bent.
Such a failure may occur when the compression piston stalls within its mating
cylinder. Other flexible vane failures may occur due to repeated twisting and
bending perpendicular to the desired bend axis. Flexible vane failures usually occur
when bending and or more complex stresses exceed the fracture or yield stress limit
of the material at stress concentration areas such as at sharp corners, holes or at

locations where the vane is constrained.

[0004] Another drawback of the Stetson design is that the torque load on the DC motor is

continuously varying during each rotation of the drive shaft due to the non-uniform
loads occutring at different phases of the motor rotation. This causes the motor
shaft to bend and applies non-uniform loading to the motor bearing. The shaft
bending generates unwanted vibration and the non-uniform bearing loads increase
bearing wear. Both conditions ultimately reducing the useful life of the motor

bearings and degrade the operational efficiency of the cryocooler system.

[0005] Another drawback of the Stetson design configuration is that the linear drive

forces delivered to the compression piston and the regenerator piston are almost

~ never applied along the piston motion axes. This forces the pistons to bear against

the side walls of their corresponding cylinders causing wear. The wear eventually
leads to an increased clearance in the gap between the piston and cylinder walls and

this causes piston vibration and audible noise.

[0006] Each of the design drawbacks described above contribute to a decrease in cooling

power, an increase in consumed electrical power and heat generation within the
motor, compressor and regenerator. The result is a steady decline in cryocooler
performance over its useful life and may ultimately lead to premature system
failure. In life tests of commercial cryocooler devices, the most common failure
modes were found to be failed motor bearings, excessive piston to cylinder
clearance, and bent or fractured flexible vanes. In general, as the system

components continue to wear, excessive play between moving parts leads to an
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increase in temperature, lubrication breakdown, cold welding between moving
elements and generation of contaminants. All of these conditions tend to accelerate
a decline in the cooling capacity of the cryocooler.

[0007] The present invention addresses the above listed design drawbacks to increase
the operating efficiency, reliability and useful life of a cryocooler system. In
addition, aspect of the present invention contribute to a reduction in the
manufacturing cost of a cryocooler device by eliminating parts, reducing material

cost and reducing labor cost.

Disclosure of the Invention:

[0008] The present invention overcomes the problems cited in the prior by providing
numerous improvements to a Stirling cycle miniature refrigeration system capable
of cooling an element to cryogenic temperatures. The improvements include a DC
motor design that reduces part count and reduces shaft bending by utilizing a
unitary central shaft with an integrally formed flywheel mass extending therefrom.
The unitary central shaft comprises a solid shaft portion that is hexagonal in cross-
section to thereby provide six flat surfaces for supporting six permanent magnets
thereon. The hexagonal solid shaft element is formed from a solid ferromagnetic
material core to improve the flow of magnetic flux through the shaft. This
increases the amount of torque available per unit of electrical power consumed.

[0009] In a further improvement, the DC motor includes a sealed removable cover set
configured to allow the cover set to be removed to make a motor repair and then
reinstalled with a gas tight seal by a field technician.

[0010] In a still further improvement, the present invention provides a bend resistant
flexible link for transferring a linear drive force from a rotating drive coupling to a
compression piston with improved bend resistance. The improved flexible link is
formed with a wider bend plane at the driven end.

[0011] In further improvements, the cooling performance is \improved and wear tendency
decreased in the compressor portion of a cryocooler of the present invention by
providing an athermalized compressor design. The athermalized. compressor

includes a compression sleeve, a compression piston and crankcase housing the
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compression sleeve all formed of the same material to match their thermal
expansion coefficients. A compressor head cover is also formed of the same
material to match its thermal expansion goefﬁcient with the other compressor
clements. The head cover further includes heat dissipating fins protruding from air
exposed surface thereof to improve cooling.

[0012] In a further improvement according to the present invention, a high pressure seal
surrounding the cylinder bore between the crankcase and the head cover includes an
open cross-section faced away from the high pressure 'side to reduce dead volume
within the compression volume. The reduction of dead volume improves cooling

~efficiency.

[0013] In still further improvements according to the present invention, a layer of
malleable, low friction material is formed on the compression piston to dampen
natural vibrations of the compression piston during operation and also facilities the
use of a wear in process to improve the fit between the cylinder bore and the piston
outside diameter. After the wear in process, the piston outside diameter may be
coated with a hard ceramic material applied which improves the wear resistance of

the piston.

Brief description of the drawings:

[0014] The features of the present invention will best be understood from a detailed
description of the invention and a preferred embodiment thereof selected for the
purposes of illustration and shown in the accompanying drawings in which:

FIG. 1 illustrates an improved DC motor according to the present invention.

FIG. 2 illustrates one example of a conventional DC motor.

FIG. 3 illustrates an isometric view of an improved DC motor rotor assembly according

to the present invention.

FIG. 4 illustrates a section view taken through a longitudinal axis of the improved DC

motor rotor according to the present invention.

FIG. 5 illustrates a section view taken through a longitudinal axis of one example of a

conventional DC motor rotor used in the prior art.
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FIG. 6 illustrates a magnetic flux density map of a DC motor magnetic circuit having a
non-solid rotor shaft.

FIG. 7 illustrates a magnetic flux density map of a DC motor magnetic circuit having a
solid rotor shaft. ‘

FIG. 8 illustrates a schematic representation of a DC motor magnetic circuit.

FIG. 9 illustrates a section view taken through an improved DC motor cover set
according to the present invention. j

FIG 10 illustrates an expanded section view taken through overlapping sections of the
improved DC cover set according to the present invention.

FIG. 11 illustrates a section taken through an improved compression piston and
compression sleeve of the present invention.

FIG. 12 illustrates a buckle resistant flexible vane according the present invention.

FIG. 13 is plot of compressor life test results illustrating the performance of improved
compressor elements according to the present invention.

FIG. 14 illustrates a section view taken through a cryocooler compressor of the improved
cryocooler of the present invention. \ ‘

FIG. 15 illustrates a section view taken through an improved high pressure seal
according to the present invention.

FIG. 16 illustrates a partial section taken the through a compressor showing the improved
high-pressure seal installed in an operating position. .

FIG. 17 illustrates a section view taken through the improved compression head cover

according to the present invention.

Best Mode for Carrying Out the invention:

[0015] Figures 1 and 2 each depict a DC motor for use in a cryocooler system. The
motor 100, detailed in Figure 1, shows an improved DC motor according to the
present invention. The motor 200, detailed in Figure 2, shows one example of a DC
motor of the prior art. Each of the motors (100, 200) includes a rotor assembly,
(102, 202), a stator assembly, (104, 204), and a motor housing (106, 206). The
motor housing (106, 206) supports the stator assembly (104, 204) in a fixed
orientation while the rotor assembly (102, 202) is supported for rotation with
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respect to the motor housing (106, 206), and stator (104, 204), by bearings,
indicated generally by front bearings (108, 208) and rear bearings (110, 210). Each
rotor assembly includes a plurality of permanent magnets (112, 212) supported
thereon, and rotatable therewith. A crank pin (114, 214) extends from a front face
(116, 216) of the rotor assembly, parallel with a rotor rotation axis and rotates
eccentrically about the rotation axis. During operation, the entire cryocooler,
including the DC motor, are ﬁlled‘ with the refrigeration gas, helium, at an elevated
pressure, e.g. 200 - 300 pounds per square inch. Accordingly, any openings in the

motor housing (106, 206) must be pressure sealed to prevent the gas from escaping.

[0016] Each rotor assembly also includes a flywheel portion (118, 218) for storing kinetic

energy during rotation of the rotor assembly and for releasing kinetic energy in
response to variations in rotor torque and rotational velocity. In the present
examples, each motor (100, 200) includes a three phase stator assembly (104, 204)
and six permanent magnets (112, 212). Accordingly, the motors are brushless type
three phase DC motors. However, other motors having two or more phase stators
and two or more permanent magnets attached to the rotor assembly will also benefit

from the aspects of the present invention detailed below.

Rotor Assembly Mechanical Design

[0017] Referring to Figure 1, 3 and 4, the flywheel portion 118 of the improved motor

100 is unitary with a solid rotor shaft element 300. A radially extending wall 316
protrudes from a solid longitudinal rotor shaft center portion and supports an
annular flywheel mass 314 at a position radially distal from its rotation axis 306.
The flywheel portion and the flywheel support structure of the unitary shaft element
300 comprise a hollow tubular shaped mass 314 supported concentrically with the
rotation axis 306, at an extended radial distance therefrom, by the radially extending
wall 316, formed at the front end of the unitary shaft element 300. The wall 316
supports the tubular mass 314 radially distal from the stator ‘assembly 104 and
provides additional rotating mass to the flywheel portion of the solid unitary shaft
element 300. The improved flywheel portion 314 has a significantly larger
flywheel cross-sectional area than the prior art flywheel portion 218. As compared
to the prior art flywheel portion 218 the shape and unitary construction of the
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improved flywheel portion provides increased rotor assembly stiffness and
increased moment of inertia. In addition, the cost of manufacturing the improved
rotor assembly 102 is reduced. The cost reduction is accomplished by eliminating
parts and labor as compared with the prior art rotor assembly 202 as well as by

eliminating higher cost materials.

[0018] As shown in Figure 2, the prior art rotor 202 includes a separate flywheel portion

218, formed of tungsten to increase its mass. In addition the prior art flywheel
portion 218 is attached to the rotor shaft by threaded fasteners 219 which add labor,
decrease stiffness and add complexities to the manufacture of both the rotor shaft
portion and the flywheel portion. According to improvements of the present
invention, the unitary shaft and flywheel design utilizes a single material and this
causes the dynamic balance of the rotor assembly to remain constant over wide
range of operating temperatures. Additionally the single material construction
eliminates thermal stresses caused by different thermal expansion rates of the prior

art Aluminum /Tungsten rotor assembly.

[0019] Referring to Figures 1 and 4, the improved rotor shaft element 300 provides a

solid shaft portion 302 having a substantially hexagonal cross-section along most of
its longitudinal length. The hexagonal cross-section provides six flats 304 for
supporting six permanent magnets 112, one on each flat. The flats 304 are formed
symmetrically about the rotation axis 306 with a normal axis of each flat surface
304 oriented substantially perpendicular with the rotation axis 306. Each magnet
112 extends along the full longitudinal length of the flat 304 and is fastened to the
flat, e.g. by adhesive bonding. The entire rotor shaft element 300 is formed from a
ferromagnetic material of high relative magnetically permeability, e.g. at least 300
and preferably more than 600. Such materials include 1018 carbon steel or 416
stainless steel, which are relatively inexpensive and easily formed by conventional
metal forming processes. As will be further explained below, the solid rotor
construction and high relative magnetic permeability of the rotor material improve

the motor performance.

[0020] As shown in Figures 2 and 5, the prior art rotor assembly 202 utilizes a separate

magnet support element 222. The magnet support element 222 comprises a
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_ hexagonal outer section having six flats 225 and a hollow central bore 223 passing

along its full longitudinal length. Six permanent magnets 212 extend along the full
longitudinal length of the magnet support element 222 and attach to the flats 225,
e.g. by adhesive bonding. The hollow bore 223 fits over a separate shaft portion
328 of the rotor shaft. The magnetic support element 222 is captured on the
separate shaft portion 328 between a nut 224 that threads onto a threaded portion
226 and a shoulder 225 provided on the shaft portion 328. As compared to the prior
art magnet support structure, the improved rotor assembly 102, of the present
invention, increases the stiffness of the rotor assembly 102 by providing a solid
cross-section that includes the flats 304 for providing magnet support. The
improved rotor assembly 102 eliminates the nut 224, the threaded portion 226 and
the magnet support element 222, as well as reducing assembly labor cost. As will
be further detailed below, the improved magnet mounting structure also improves

motor performance.

[0021] The stiffness of the improved rotor assembly 102 is further increased and the

manufacturing cost further reduced by other improvements. In particular, the shaft
element 300 includes a solid rear bearing support diameter 308 formed unitary
therewith and extending from a rear face of the hexagonal cross-section 302 for
supporting an inner race of the rear bearing 110 fixedly mounted thereon. A
recessed cavity 310 formed in the rear face of the hexagonal cross-section 302
surrounds the rear bearing support diameter 308 td house a hollow cylindrical
compression spring 312. The spring 312 fits over the diameter 308 between the
inner race of the rear bearing 110 and an end wall of cavity 310. The spring 312
provides a longitudinal preloading force to eliminate play between the inner and
outer races of the front and rear bearings. The rotor shaft element 300 further
includes a solid front bearing support diameter 318 formed unitary therewith and
extending from a front face of the rotor shaft element 300 for supporting a inner
races of a pair of matched duplex front bearings 108 fixedly mounted thereon. The
front bearing support surface 318 and the rear bearing support surface 308 are
substantially concentric with the rotation axis 306. The crank pin 1 14 is installed in

a bore provided in a front end face 116 of the rotor shaft element 300.
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[0022] Although improvements to the rotor assembly 102, and specifically the solid rotor

shaft element 300, were motivated by a desire to improve the motor performance,
as is discussed below, an added benefit is that the manufacturing cost of improved
rotor assembly 102 is reduced by 20% compared to the manufacturing cost of the
example prior art rotor 202. The cost savings were provided by reductions in
material cost, part manufacturing cost, and labor cost. In, an unforeseen benefit of
the design of the improved rotor 202, the mass distribution of the assembly is more
consistent from rotor to rotor, so that the improved rotor -assembly 102 is
rotationally balanced by design. This has allowed the Applicant to eliminate an
expensive manufacturing step of dynamically balancing each rotor using
specialized dynamic equipment. However, if required, e.g. for a high performance
motor, a dynamic balancir}g machine can be used to fine tune the rotor dynamic
balance. Tests have show‘h that machine balancing the improved DC motor rotor

can reduce vibration export up to 40%.

DC Motor Magnetic Flux Density Improvements:

[0023] Figures 3, 4 and 7 show the construction and operation of an improved DC motor

100, and specifically as related to its increased the magnetic permeance in the rotor
shaft portion 302. Figures 5 depicts the construction and operation of the prior art
DC motor 200 to show the magnetic permeance of the prior art rotor cross-section.
In Figures 4 and 5, motor cross-sections A-A and B-B show the stator assemblies,
102 and 202, with six permanent magnets 112 and 212 attached to the solid
hexagonal cross-section ‘rotor shaft portion 302, in Figure 4, and attacped to the
hexagonal outer surfaces of the non-solid magnet support element 222, in Figure 5.
The construction of the, prior art rotor 202 is such that its solid portion 328
comprises non-magpetic series 300 stainless steel and the hollow magnet support
element 222 comprises 1018 steel which has a high relative magnetic permeability.
The improved solid rotor shaft 302 may comprise a magnetically permeable series
400 stainless steel and specifically 416 stainless or the solid rotor shaft 302 may
comprise a low carbon steel, e.g. 1018 steel. The models of Figures 5 and 6 were
used to compare a hollow shaft element constructed of 1018 steel with a solid shaft

portion 302 also constructed of 1018 steel. An air gap 320 separates the rotatable
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magnets 112, 212 from the stationary stator assemblies 104, 204. The stator
assemblies 104, 204 and the permanent magnets 112, 212 are substantially identical
in the two motors, with each stator comprising a continuous circumferential outer
ring portion 322 and a plurality of inwardly extending radial arms 324 extending
inwardly toward the rotor rotation axis 306 and ending at the air gap 320. Asis
well understood, radial arms 324 are wound with wire coils or windings 326 to
form electro-magnetic circuits. Current flowing through the windings 326 causes a
magnetic flux to be generated within wound radial arms 324 and a magneto motive
force generated by the magnetic flux acts across the air gap 320 causing the
permanent magnets to move in reaction thereto, and causing the rotor assembly to
rotate. A current driver, not shown, controls current flow in each phase of the

motor to control motor rotation.

[6024] Figures 6 and 7 depict magnetic flux density plots generated by a computer model

of a magnetic circuit typical of each phase of the two DC motors 100, 200. The
flux density plots show the magnitude of magnetic flux density as a function of
position within the magnetic circuit. Darker regions, such as within the permanent
magnets show the highest levels of flux density while lighter regions, such as the
magnetic flux leaking directly between adjacent magnets show the lowest magnetic
flux densities. Figure 8 depicts a schematic representation of the magnetic circuit
of a single motor phase. The magnetic circuit comprises a plurality of magnetic
flux pathways, each having a magnetic permeance, which is a gauge of the relative
ease that magnetic flux flows through the pathway. The schematic of Figure 8
represents each pathway of the magnetic circuit by a permeance element (a - g),
connected between two nodes (1-6). The magnetic circuit comprises two adjacent
permanent magnets, two passes across the air gap 320, two wound radial arms 324
connected by the outer ring 322, and a pathway through the solid rotor shaft, 302,
(referred to as the magnet back iron), in Figure 7, or the hollow magnet support
element 222, in Figure 6. In the schematic representation of Figure 8, the
permeance element a between nodes 1 and 2 represents the pathway passing from

an air gap end of a first wound radial arm 324 up to and across the stator outer ring

' 322, a down through a second wound radial arm 324 to its air gap end. The

10
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permeance element b, between nodes 2 and 3, represents one pass through the air
gap 320. The permeance element ¢, between nodes 3 and 4, represents a pass
through a first permanent magnet. The permeance element d, between nodes 4 and
5, represents a pathway through the rotor shaft 302 or 222. The permeance element
e, between nodes 5 and 6, represents a pass through a second permanent magnet,
and the permeance element f, between nodes 6 and 1, represents a second pass
across the air gap 320. The permeance element g, between the node 3 and 6,
represents magnetic flux leakage passing directlly between the adjacent first and the

second permanent magnets.

[0025] Magnetic permeance (P) in Webers/Amp for a given pathway is defined by

Equation (1):
P=pA/L €] 4
where p is the magnetic permeability of the material in (Webers/Amp m), A is the
cross-sectional area of the flux pathway in (m2), and L is the length of the flux
pathway in (m). As shown by equation (1), the magnetic permeance of any pathway
in the circuit can be increased by increasing the material permeability p, by increasing

the material cross sectional area A, or by increasing both.

An analysis of the model of the DC motor shown in Figure 6 revealed that magnetic flux

density in the magnetic support element 222, of the prior art DC motor 200, is
significantly lower than the magnetic flux density in other portions of the magnetic
circuit. Applicant recognized that the design of the prior art magnet support element
222 presented a relatively high resistance to flux flow throﬁgh magnetic circuit, as
compared to other elements in the magnetic circuit, due to the narrow cross-section of
the magnet back iron of magnet support element 222. To correct the problem, two

approaches were used.

[0026] In a first embodiment of the present invention, the solid shaft 302 described

above, provides increased cross-sectional area of the magnet back iron and the shaft
material comprises a magnetic series stainless steel, e.g. 416 stainless steel. The
relative magnetic permeability of 416 stainless steel, (as compared to the magnetic
permeability of a vacuum), ranges from 700 - 1000. This configuration provides all

of the benefits of a unitary rotor shaft, as described above, however, the magnetic

11
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performance P, as detailed in equation 1, shows that the magnetic permeance of the
solid shaft portion or magnet back iron of the first embodiment of the invention is
only slightly increased over the magnetic permeance of the prior art ﬁaagnetic back
iron. Accordingly, only a slight improvement in motor efficiency is gained by
providing a solid motor shaft 302 comprising 416 stainless steel. However, the first
embodiment solid shaft provides all of the other above described benefits of a solid
shaft construction and the overall cryocooler performance is slightly improved due
to the slightly increased motor efficiency.

[0027] In a second and preferred embodiment of the present invention, a solid hexagonal
shaft cross-section 302 comprises a low carbon steel, e.g. 1018 steel. The relative
magnetic permeability of low carbon steel, which includes, 1080 carbon steel,
usually exceeds 2000. Accordingly, the magnetic permeance of the improved
magnet back iron of the second embodiment of the present invention is increased by
increasing its cross-sectional area and its magnetic permeance. Of course, other
materials with even greater relative magnetic permeability, e.g. Alloy 49 Iron-
Nickel, which has a magnetic permeability of 75,000, can also be used to
significantly increase magnetic flux flow within the rotor shaft or magnet back iron
with no other changes to the design. However, once the permeance of the rotor
shaft increases significantly over the permeance of other elements of the magnetic
circuit, the flux flow in the magnetic circuit is limited by the other circuit elements.

[0028] In the preferred embodiment of the present invention, the DC motor 100
comprises a solid hexagonal cross-section rotor 302 comprising 1018 carbon steel.
Test results using the improved motor 100 showed the following improvements in
the performance of the DC motor 100. In addition, related improvements in the
performance of a compressor and cryocooler system due to the increase rotor flux
density alone are also listed below in TABLE 1:

TABLE 1

Performance Improvements Provided by a Solid Rotor Comprising 1018 Steel

Tested performance factor | Improved performance Test Condition
No Load motor RPM Increased by 30% Same input voltage
Compressor RPM Increased by 18% Same refrigeration gas

12
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pressuré
Time to cool a test load to | Reduced by 22% Same cooling load
operating temperature (Cool
down Time)
Maximum cooling power | Increased by 8% Same input voltage
achieved
Steady nominal  input | Increased by 1.8% Same input voltage
electrical power

Improved DC motor cover set:

[0029] In another aspect of the present invention, a removable DC motor cover set 400 is
shown in section view in Figure 9. The cover set includes a front cover 402 and a
rear cover 404. Each cover 402, 404 comprises a cup shaped hollow annular shell
having an open end for receiving internal motor parts therein, and a closed end for
sealing the motor parts when the cover set 400 is fit together. The rear cover 404
attaches at its closed end to rear bearing 406 and includes a protruding hollow
annular male portion 408, at its open end, for mating with the front cover 402. The
front cover 402 attaches at its closed end to front bearing 410 and includes a
protruding hollow annular female portion 412, at its open end, for receiving the rear
cover male portion 408 therein.

[0030] Figure 10 depicts an exploded section view of fhe interlocking male and female
portions of the front and rear covers. The features of the interlocking male and
female cover portions, shown in section view in Figure 10, continuously extend
circumferentially around the cover set 400; however, some of the features may be
non-continuous. To align the front cover 402 and the rear cover 404, alignment
diameters are provided on each cover. In the female portion of the front cover 412,
a bore having an inside diameter 414 is formed therein to provide an alignment
feature for receiving a mating surface of the rear cover therein. In the male portion
of rear cover 408, an outside diameter 416 is sized to mate with the bore 414 to
align the covers at assembly. With the covers aligned by the mating alignment

diameters 414 and 416, a circumferential gap 418 provides clearance between the
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mating rear cover male portion 408 and the front cover female portion 412. With
the cover set aligned thereby, the assembled cover set is line-bored along its center
axis 407 to provide the final diameters 419 and 420 for receiving the rear bearing
406 and the front bearing 410 therein. By line-boring the bearing diameters 419,
420 while the cover set is assembled and aligned by the diameters 414, 416, any
misalignment of the bearing axes caused by misalignment in the fit of the cover set

is avoided.

[0031] As was discussed above, the cover set 400 provides a pressure seal for

maintaining the motor at an elevated gas pressure during operation. Accordingly,
any seams in the motor cover set are pressure sealed. To seal the circumferential air
gap 418, a circumferential layer of bonding adhesive 422 is applied in a
circumferential bonding recess 424, which is formed on the rear cover male portion
408. The circumferential layer of adhesive 422 not only seals the cover set but also
provides the mechanical holding force for fastening the front and rear covers in
place. The circumferential layer of adhesive 422, applied in the factory has
heretofore, not been easily reopened, e.g. to make a motor repair. Moreover, if the
covers were reopened, the cover set was discarded and replaced by a new cover set.
Accordingly, it has not been practically acceptable to repair a damaged motor and

damaged motors were replaced.

[0032] According to the improvements of the present invention, the cover set 400 may be

reopened, e.g. to make a motor repair, and then closed again and resealed with a
pressure seal. This allows a motor to be repaired, e.g. to have its bearings replaced,
even in the field, by a customer or a by service technical. To reopen the cover set,
the female portion 412, of the front cover 402, includes one or more circumferential
features 426, formed thereon, for marking or otherwise identifying a circumferential
location for cutting, or otherwise separating, the front cover 402 from the rear cover
404. The circumferential features 426 may comprise a marking line, e.g. marked or
scribed onto the outside of the cover 402, or the circumferential features 426 may
comprise narrow weakened wall cross-section of the front cover female portion
412. For example, the features 426 may comprise a continuous or non-continuous

v-groove or otherwise weakened area that may be easily broken by a hand applied
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force, or by a hand tool. Alternately, the features 426 may comprise a raised feature
or a printed line, merely for marking a line along which to cut the front cover 402
from the rear cover 404 with a cutting tool. In any event, each circumferential
feature 426, whether a continuous feature or a non-continuous feature, provides a
circumferential indicator for identifying a location for removing the front cover 402

from the rear cover 404.

[0033] By cutting the front cover 402 along the rear most circumferential feature 426, a

small portion of the front cover 402 remains bonded to the rear cover 404 by the
circumferential bond 422. This remaining portion of the front cover has no
detrimental effect and remains in place. As shown in Figure 10, a first or rearmost
circumferential feature 426 is formed onto the outside diameter of the front cover
female portion 412 on the front cover side of the adhesive bond 422 and the recess
424. A second recessed bonding groove 424 is formed on the outside diameter or
the rear cover male portion 404 on the front cover side of the first circumferential
feature 426 such that a second adhesive bond line 428, shown dashed, may be
applied to reattach and reseal the cover set after it has been opened once to make a
repair. Of course, a third and subsequent bonding recess grooves 424 can be added
to the rear cover male portion 408, as shown in Figure 10, to allow opening the
motor a second and subsequent times, to make a repair, while still providing a
bonding area for refastening and resealing the cover set. Similarly, second and
subsequent circumferential features 426 may be formed on the outside diameter of
the front cover female portion 412 for showing locations for cutting or otherwise
removing further portions of the front cover 402 to reopen the motor cover set 400

as many times as may be required.

Compression piston and cylinder sleeve fabrication:

[0034] In further aspects of the present invention, Figures 11 and 14 depict a cross-

section of an improved compression piston 1100 and a mating cylinder sleeve 1102
according to the present invention. The cylinder sleeve 1102 comprises a thin
walled annular sleeve having a compression bore 1104 formed therein and sized for
receiving the compression piston 1100. A sealed compression cylinder volume

comprises the cylinder bore 1104 sealed on its high-pressure end by a cylinder head
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cover, shown in Figures 14 and 17 and described below. A refrigeration gas is
compressed by reciprocally driving the piston 1100 within the sealed compression
cylinder. The piston is driven by drive link 1114 coupled to the DC motor
described above. The cylinder sleeve 1102 installs within a bore provided in a

crankcase 1106 and is held therein by a LOCKTITE adhesive, or the like.

[0035] The compression piston 1100 comprises a cup shaped element with a solid

circular disk portion 1108 forming a high—pressure end thereof. The piston 1100 is
open at a low-pressure end thereof and includes an annular cylindrical wall portion
1110 that extends toward the low-pressure end from an outer circumferential edge
of the solid disk portion 1108. The piston wall portion 1110 extends substantially
along most of the longitudinal length of the cylinder bore 1104 and includes an
outside diameter sized for mating with the cylinder bore diameter 1104. The wall
portion 1110 provides a bearing surface for mating with the cylinder bore 1104. A
drive clamp 1112 extends from the center of the disk portion 1108, on a low-
pressure side thereof, for connecting the piston 1100 with the drive link 1114. Ina
preferred embodiment, the piston 1100 comprises a unitary solid element, but other

piston configurations formed by multiple interconnected elements are usable.

[0036] According to the present invention, each of the compression piston 1100, the

cylinder sleeve 1102 and the crankcase 1106 have the same coefficient of thermal
expansion. This design athermalizes the compressor by eliminating non-uniform
thermal expansion and shrinkage caused by thermal cycling when non-matched
thermal coefficient materials are combined. In particular, by constructing all three
elements from the same material, the compressor performs uniformly over a wider
range of ambient temperatures. In particular, the athermalized design according to
the present invention, substantially eliminates compression piston stalls when the
compressor is subjected to very low ambient operating temperatures, €.g. in high
altitude aircraft. In a preferred embodiment, the crankcase 1106, the cylinder
sleeve 1102 and the compression piston 1100 are each fabricated from aluminum

and specifically 6061-T6 aluminum.

[0037] Compressor performance depends strongly on providing a substantially zero

clearance circumferential gap between the compression piston 1100 outside
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diameter and the compression cylinder bore diameter 1104. As a point of
clarification, a substantially zero circumferential gap ideally provides a very
minimal clearance between the mating elements and the gap is ideally between 1 - 3
microns per side. Moreover, variations in the circumferential gap clearance
degrade compressor performance and gap size expansion, due to wear, eventually
ends the useful life of the compressor. According to the present invention, a wear-
in process is used to provide a desirable circumferential gap condition, without the
need for precision machining, grinding and honing, used in the prior art. The wear
in process reduces the cost and complexity of manufacturing a cryocooler

compressor and may extend to any gas compressor.

[0038] In a first fabrication step, a solid aluminum piston 1100 is formed with an outside

diameter machined to an undersized dimension with respect to its desired final
diameter for mating with the cylinder bore 1104. The piston 1100 is formed using
conventional numerical control NC metal cutting capabilities for aluminum. In a
second fabrication step, a substantially uniform thickness layer comprising a
malleable, shock absorbing, vibration dampening material that includes a solid
lubricating compound impregnated therein is applied over the piston outside ‘
diameter. The layer thickness is sufficient to provide the desired shock absorbing
and vibration dampening properties and an oversized piston oqtside diameter
dimension with respect to its desired final outside diameter dimension for mating
with the cylinder bore 1104. In a specific example, the piston outside diameter
layer comprises RULON. RULON comprises a polymetric reinforced PTFE
compound available in sheets or strips from DIXON DIVISION OF FURON of
Bristol RI, USA. In the present example, a RULON strip with a thickness of
approximately 0.13 - 0.38 mm, (0.005 - 0.015 inches), a width equal to the width of
the piston outside diameter and a length equal to the piston circumference
dimension is bonded onto the piston outside diameter by an adhesive. The RULON
layer provides a low friction surface layer filled with a solid lubricant, namely
PTFE, and is relatively soft compared to the metal surfaces of the piston and
cylinder sleeve. The RULON material is suited for stop start applications and
operates over a temperature range of -70 to 200 Deg. F. RULON has a coefficient
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of thermal expansion that is higher than the coefficient of thermal expansion of
most metals so thermal cycling of a compressor made with the RULON layer can
affect the dimension of the piston to cylinder circumferential gap, even in the
athermalized compressor design of the present invention. In addition, the RULON
Jayer is sufficiently thick that even after the wear in process, described below, the
remaining RULON layer provides mechanical vibration damping and shock
absorption properties that damp piston natural vibration in the compressor. Of
course, other material layers may also be applied to the piston outside diameter for
providing these same properties, namely any material having the properties of
providing a self lubricating low coefficient of friction, a material layer that is softer
than, and wearable by, mating metal surfaces, and has damping characteristics for

damping natural vibration frequencies of the piston.

[0039] The cylinder sleeve 1102 comprises a solid aluminum sleeve formed by

conventional NC metal cutting of aluminum. The cylinder sleeve outside‘ diameter
is machined slightly undersized with respect to a desired final diameter for mating
with the crankcase 1106 and the sleeve inside diameter is machined slightly
oversized with respect to a desired final diameter for mating with the piston 1100.
After forming, the cylinder sleeve 1102 is plated over ifs entire surface with a low
friction wear resistant hard coat layer such as a composite layer of nickel applied by
a conventional eleciroless chemical deposition process. The thickness of the nickel
plate layer usually ranges from 0.025 - 0.76 mm, (0.001 - 0.003 inches) and
provides a surface hardness of approximately Rockwell C (RC) 70. By appropriate
selection of the initial cylinder machining diameters the cylinder sleeve outside and
inside diameters may be sized to desired final dimensions after plating, without
requiring any further material processing steps for further sizing or changing the
geometry of its diameters. An advantage of the cylinder forming steps of the
present invention is that the size and shape of the completed cylinder sleeve 1102,
including the cylinder bore 1104, are achieved by conventional numerical control,

NC, metal cutting capabilities for aluminum.

[0040] In the wear-in step, a mating set of a piston 1100 and a cylinder sleeve 1102 are

installed into a wear-in fixture designed for running the mating parts together. The
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oversized piston outside diameter is press fit into the cylinder bore 1104 of its
mating cylinder sleeve 1102 and connected to a reciprocating drive link. The drive
link reciprocates the piston 1100 within its mating cylinder sleeve. bore 1104 for
many thousands of cycles to wear the surfaces in, by running the parts together, to
5 achieve a desired circumferential fit. During the wear in process, particles of PTFE
wear away from the oversized piston and impregnate into the nickel hard coat of the
cylinder bore 1104. The impregnated RULON material reduces the coefficient of
friction of the nickel plated bore surface and smoothes out any irregularities. The
wear in process also compensates for minor geometrical errors in the
10 circumferéntial gap.

[0041] In particular, the wear in process continues to remove the RULON layer until a
substantially zero clearance condition occurs and then the removal stops. The
process is independent of minor geometry errors and causes the piston shape to
conform to the shape of the cylinder bore 1104. Accordingly, the wear-in process

15 provides a “clearance seal” in the final compressor. A clearance seal allows a very
thin layer of pressurized refrigeration gas to fill the circumferential gap during each
compression pulse and the gas reduces mechanical contact between the wear
surfaces of the mating parts, thereby substantially reducing contact wear.

[0042] In a first embodiment of the invention, once the desired circumferential fit is

20 achieved by the wear-in step, the mating parts are considered finished and installed
into a compressor crankcase 1106. The PTFE removed from the piston during
wear-in remains impregnated into the nickel plated cylinder bore surface and
reduces friction over the entire life of the compressor, or until the PTFE is worn

; away. Results of an accelerated life test using a mating piston and cylinder sleeve

25 formed according to the first embodiment are shown in Figure 13. Figure 13 plots
compression stroke pressure in pounds per square inch, (PSI), per ampere (Amp) of
DC motor input current, on a vertical axis vs. operation time, in hours, on a
horizontal axis. A performance curve 1116 shows that the trend ?f compressor
performance is to degrade linearly over time. Using the performance metric shown

30 in Figure 13, the compressor performance degrades by approximately a 50% after

6000 hours of continuous operation. This performance is acceptable for most
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compressor applications; however, the data suggest that the piston RULON layer
wears linearly in proportion to operation time. It is known that wear of the RULON
Jayer is accelerated at higher temperatures because as the RULON layer expands
with increasing temperature, with respect to the cylinder bore, and this seems to be

the primary wear mechanism of the RULON layer.,

[0043] In a second embodiment of the invention, further process steps and surface

coating layers are added to the above-described methods to improve compressor
performance. In particular, a layer of hard ceramic compound applied over the
piston RULON layer after the completion of the above-described wear-in cycle
provides a low friction wear resistant protective layer over the piston RULON layer
that prevents the RULON layer from wearing away over long-term use. To
generate additional clearance in the circumferential gap to reéeive the ceramic layer
on the piston outside diameter, additional wear-in cycle steps are used to further
wear away a portion of the RULON J. This is accomplished by elevating the
temperature of the wear in fixture environment and conducting further run in cycles
at elevated temperature, until the thickness of the RULON J layer is reduced by an
amount substantially equal to the desired thickness of the ceramic coating layer to

be applied.

[0044] In particular, the elevated temperature wear cycle continues until a circumferential

gap in the range of 0.13 - 0.38 microns, (5 - 15 micro inches), per side is provided.
After the desired thickness of RULON is removed, the piston and cylinder sleeve
are removed from the wear in fixture and cleaned of any loose material. A layer of
hard ceramic compound comprising chrome nitride, (CtN) is then applied over the
remaining RULON layer. The CrN layer is applied to a thickness of approximately
0.25 microns, (10 micro inches) per side by an ion beam assisted deposition
process. A ceramic sub layer may also be applied over the RULON layer to
enhance adhesion of the ceramic coating thereto. The CrN coating is available
commercially from Advanced Materials Processing Corp. of North Chelmsford
MA, USA.

[0045] This process provides the piston 1100 with a wear resistant outer layer having

substantially the same geometry as provided by the wear-in cycle. The underlying
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RULON layer still provides desirable properties for damping piston vibration and
absorbing shock. The improved ceramic coated piston 1100 provides excellent
wear characteristics and particularly prevents piston surface wear by protecting the
underlying RULON layer from wear when the compressor operates at elevated
ambient temperatures. Results of an accelerated life test for a compressor using the
improved ceramic-coated piston outside diameter are shown in Figure 13. A
performance curve 1118 shows that the trend of cémpressor performance is to
remain substantially unchanged over time. Using the same performance metric
shown in Figure 13, the compressor performance has remained constant for 5000
hours of continuous operation. This performance is significantly improved over the
performance curve 1116 for the RULON coated piston because the compressor
efficiency remains constant over its life. In addition, the improved ceramic coated

piston is capable of operating over a wider range of operating temperatureé without

. the piston surface wear associated with high temperature operation of the piston

having an unprotected RULON layer. .

Compressor Seal and Cover Improvements

[0046] Figure 14 depicts an improved cryocooler compressor 800 according to the

present invention. The compressor 800 includes a solid aluminum crankcase 802,
having a cavity 804, formed therein. The cavity 804 encloses a drive coupler 806,
which is attached to and eccentrically movable with the DC motor crank pin 807.
The drive coupler 806 drives both a compression piston 810 and a regenerator
piston, not shown. A flexible drive link 816 connects the drive coupler 806 with
the compression piston 810. An aluminum compression cylinder sleeve 812 installs
in the crankcase 802 and provides a cylinder bore diameter 818 to receive the
outside diameter of the compression piston 810 therein. The compression piston
810 reciprocates within the compression cylinder bore 818 to vary the volume of a
compression volume 820 for compressing a refrigeration gas contained therein.
The compression volume 820 is sealed at a high-pressure end thereof by an
aluminum cylinder head 822, which is detailed below. A high pressure seal
element 824 is installed within a recess 825, formed in a face of the crankcase 802,

and captured in the recess 825 by a sealing surface 827 of the cylinder head 822. A
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fluid passage 826 provides a flow path for refrigeration gas to pass from the
compression volume 820 to a regenerator cylinder. The refrigeration fluid passes
repeatedly in both directions through the passage 826 between the compressor and

the regenerator at appropriate phases of the refrigeration cycle.

[0047] According to a further aspect of the present invention, the high-pressure seal 824

is shown in section view in Figure 15. The seal 824 comprises a closed circular
ring shaped element having an open cross-section 828 thét faces away from a high-
pressure volume to be sealed. In particular, the seal 824 includes a C-shaped cross-
section; however other open cross-sections are usable according to the invention.
Figure 16 depicts an installed seal 824 showing a cutaway section view that
includes mating portions of the crankcase 802, the cylinder head 822 and the
compression sleeve 812. In the installed position, the seal open cross-section 828 is
compressed between a bottom surface of the recess 825 and the head cover sealing
surface 827 and the amount of compression is sufficient to ensure that sealing
contact is make over the entire seal ring. The seal 824 seals the cylinder volume
820 to prevent high-pressure refrigeration gas from leaking between the mating
faces of the crankcase 802 and the cylinder head 822. The recess 825 is formed to
receive the seal therein and provides a déepth that ensures compression of the seal

cross-section.

[0048] In conventional high pressure seals, the open cross-section faces toward the high-

pressure side of the seal, however, as described above any- gas filling the open
cross-section is unusable for refrigeration. According to the present invention, the
seal 824 is formed with its open cross-section facing the toward the low-pressure
side. This reduces dead space within the compression volume 820 and improves
the cryocooler performance. In a comparative test between a conventional high-
pressure seal with its open cross-section facing the high-pressure side and the
improved seal described above, the cool down time of a test load was reduced by
approximately 29% and the maximum cooling power obtained was increased by
approximately 6%. Both of these improved results are attributable to reducing the

dead space volume of the cylinder volume 820.
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[0049] The seal 824 is formed from a flexible inconel metal substrate and over coated

with a thin malleable metal layer that conforms to surface irregularities in surfaces
that the seal contacts. In particular, the malleable layer comprises a layer of silver-
nickel metal alloy applied to a thickness of 0.06 - 0.12 mm, (0.002 - 0.004 inch).
The malleable layer readily conforms to fill small irregularities in the surfaces
contacting the seal. Similarly improved high-pressure seal elements like the one

shown in Figure 15 may be used to seal the cryocooler regenerator cylinder.

[0050] Referring to Figures 14 and 17 an improved head cover 1300, according to the

present invention, is shown in section view. The head cover 1300 comprises a
raised circular head surface 1302 that mates with the cylinder bore 818 for forming
an end face of the compression volume 820. Surrounding the head surface is the
sealing surface 827 recessed below the head surface 1302. The sealing surface 827,
contacts the crankcase 802 over its full extent, and compresses the seal 824 within
the crankcase recess 826. The head cover 1300 attaches to the crankcase 802 with a
plurality of threaded fasteners, not shown, to provide a high-pressure seal therewith.
A head cover outer surface 1306 is formed to provide heat-dissipating properties for
readily drawing thermal energy away from the compressor and radiating the
thermal energy into the surrounding air. The outer surface 1306 includes a plurality
of fin protrusions 1308, each formed to provide additional surface area, for
radiating heat to the surrounding air. Each protrusion 1308 comprises a fin shaped
element extending from a surface 1310 to a height of approximately 8.5 mm, (0.38
inches). Each protrusion 1308 has opposing sidewalls 1312 tapered at about 5° and
a top wall 1314 having a width of approximately 1.0 mm, (0.04 inches). The head
cover 1300 includes 14 such protrusions 1308 separated by a peak-to-peak spacing
of approximately 3.5 mm, (0.14 inches). Each heat-dissipating fin 1308 serves to
dissipate heat removed from the compression space. To further increase the surface
area available for radiation, exposed surfaces of the outer surface 1306 are
sandblasted to obtain a 125-350 micro inch surface texture finish. The head cover
is formed from cast 6061-T6 aluminum and the surfaces 1302 and 827 are machines

thereon in a secondary operation. The heat dissipating fins 1306 help to increase
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cooling capacity of the cryocooler and to increase the useful life of the compressor

by reducing its normal operating temperature.

Flexible Vane Improvements

[0051] As shown in Figures 11 and 12 an improved flexible vane 1114 comprises a

bendable leaf spring for providing the drive link between the drive coupler 806,
rotated by the DC motor, and the piston 1100. The flexible vane 1114 comprises a
thin planar layer of flexible spring material providing a flexure that bendable in the
plane layer. The planar layer is formed with a longitudinal length and a transverse
width and it is desirable that bending occur exclusively along the longitudinal
length. The improved flexible vane 1114 of the present invention is resistant to
bending other than along the longitudinal length by providing a tapered transverse
width. The vane 1114(includes a wider driven end A having an edge width of
approximately 5.8 mm, (0.23 inches) and a narrower drive end B with an edge
width of approximately 4.3 mm, (0.17 inches). The driven end A connects to the
drive coupling via a hole 1206 and the drive end B connects to the compression
piston a hole 1208. Each end of the flexible vane 1114 is constrained by a
clamping element and is unable to bend freely. As a result, bending stress is
particularly high at the two ends where the vane is constrained from bending over a
smooth radius. Accordingly, the vane is more likely to buckle at its ends and a
buckle permanently damages the vane. The vane 1200 is formed from a 1095 blue
temper steel substrate with a uniform thickness of approximately 0.28 mm, (0.011
inches). In a preferred embodiment, the vane is formed by a chemical etch process
to provide smooth defect free edges for eliminating stress concentration areas. The
material grain is specifically oriented in the direction indicated by the arrows 1210
to ensure that bending occurs along an axis parallel with the grain. The vane 1114
resists buckling during operation by providing areas of increased stiffness where
buckling is likely to occur. The increased stiffness resists buckling and causes
bending to occur in less stiff portions of the vane. In particular, the driven end A of
the vane constrained by the drive coupling is particularly susceptible to buckling
when a piston stall occurs. In order to avoid buckling the van is made wider at the

driven coupling end A and tapered in width toward the drive end B. In the event of
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a piston stall, the vane bends more readily at the thinner end, which is less stiff.
This allows the vane to bend without buckling. In a specific example of the present
invention the vane length is 14.6 mm dimension A is 5.8 mm and the dimension B
is 4.3 mm such that the ratio of widths at the wide end to narrow end is 1.35. Of
course, other vane shapes that increase stiffness at the driven end A, may also be

used.
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CLAIMS
1 A cryocooler device for cooling an element includes a rotary DC motor (100), a
drive coupling (806) coupled to a rotating shaft of the DC motor (100) and linearly
driving a drive link (816) attached thereto, said drive link being coupled to a
compressor piston (810) for reciprocating the compressor piston within a
compression cylinder bore (818) for compressing a refrigeration gas within a
compression volume (820) and wherein the DC motor (100) includes a stator
assembly (104) supported in a fixed position by a motor housing (402, 404) and a
rotor assembly (102) supported for rotation by front (108) and rear (110) bearings
supported by the motor housing (402, 404), said rotor assembly (102) further
including a plurality of permanent magnets supported thereon for rotation
therewith and for magnetically interacting with the stator assembly (104):
the cryocooler device being further characterized in that the rotor assembly (104)
comprises:

— a shaft portion (302) having a longitudinal rotation axis (306) supported for
rotation by the front and rear bearings (108, 110) and formed with an even
number of radially outward facing flats (304) on its outer periphery for
supporting one of the permanent magnet on each flat, said flats being formed to
substantially oppose the fixed stator assembly (104) over its full length;

— a flywheel portion (118) formed by a hollow annular mass supported
concentrically with the rotation axis (306) and attached to the shaft portion (302)
by a radially extending wall (316) formed between the shaft portion (302) and
the flywheel portion (118); and,

—  wherein the shaft portion (302), the flywheel portion (118) and the radially
extending wall (316) form a unitary element of a substantially homogenous
material.

2 The cryocooler device of claim 1 further comprising a magnet support element
(222) attached to the shaft portion (302) for supporting the plurality of permanent

magnets thereon, the magnetic support element (222) being formed with an outer
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mounted for rotation with the shaft portion (302) in a position to support the
plurality of permanent magnets opposed to the stator assembly (104) over its full
length, and wherein the magnetic support element is formed from a ferromagnetic
material with a relative magnetic permeability greater than 1000 to provide a

5 magnetic flux path therethrough.

3 The cryocooler device of claim 2 wherein the magnetic support element (222) is

formed from low carbon steel.

10 4 The cryocooler device of claim 1 wherein the shaft portion (302) comprises a
unitary solid element with each of thei even number of radially outward facing flats
(304) being formed directly thereon and wherein said substantially homogeneous
material is a ferromagnetic material with a relative magnetic permeability greater

than 600 to provide a magnetic flux path therethrough.

15
5 The cryocooler device of claim 4 wherein the homogeneous material comprises 416
series stainless steel.
6 The cryocooler device of any one of claims 1 - 5 wherein the hollow annular mass
!
20 of the flywheel portion (118) is supported for rotation at a radial distance from the

rotation axis (306) that exceeds an outside diameter or the stator assembly (104).
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7 The cryocooler device of any one of claims 1 - 5 wherein the even number of

radially outward facing flats (304) comprises six.

8 The cryocooler device of any one of claims 1 - 5 wherein the motor housing

comprises a removable cover set (400) comprising:

|

a cup shaped front cover (402) and an interfacing cup shaped rear cover (404)
each having a closed end and an opposing open end and wherein each of the
open ends is configured with an annular interfacing feature comprising an
alignment diameter ( 414, 416) for aligning the front and rear covers in mating
alignment along an axis (407) and wherein the annular interfacing features
provides a circumferential gap (418) between the front cover (402) and the
rear cover (406); ‘

- a first adhesive bond layer applied over the entire circumferential gap (418)
for providing a pressure seal and for mechanically fastening the cover sections
together when the adhesive bond layer is cured; and,

- a circumferential marking feature (426), visible from the outside of the DC

motor (100), and formed on one of the front cover (402) and the rear cover

(406), said circumferential marking feature providing a cutting guide for

cutting through one of the front and rear covers to separate the covers.

9 The cryocooler device of claim 8 wherein at least one of the front cover (402) and
the rear cover (404) includes a bonding groove (424) formed within the

circumferential gap (418) for receiving the adhesive bond layer therein.

10 The cryocooler device of any one of claims 1 - 5 wherein said drive link (816)
comprises a bendable leaf spring having a substantially uniform thickness, a
longitudinal length, and a transverse width and wherein said transverse width is

varied along the longitudinal length.
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11 The cryocooler device of claim 10 wherein the drive link (816) has a first end A
attached to the drive coupler (806) and a second end B attached to the compression
piston (810) and wherein the transverse width of the first end A is greater than the

transverse width of the second end B.

12 The cryocooler device of claim 11 wherein the drive link (816) is formed from
1095 blue tempered spring steel and wherein said uniformly thinness is less than

0.5 mm, (0.02 inches).

13 The cryocooler device of claim 12 wherein the blue tempered spring steel has a
grain direction and the drive link is formed with the grain direction substantially

aligned along its longitudinal length.

14 The cryocooler device of any one of claims 1 - 5 further comprising:

- a cylinder sleeve (1102) comprising a thin walled annular sleeve having a
compression bore (1104) formed therein and installed within a compressor
crankcase (1106);

- wherein the compression piston (810) comprises a cup shaped element having
a circular disk top portion (1108) and an annular cylindrical wall portion
(1110) extending from an outer diameter of the circular top portion (1108) for
mating with the cylinder bore (1104); and,

- wherein each of the crankcase (1106), the cylinder sleeve (1 102), the circular
top portion (1108) and the annular cylindrical wall portion (1110) are formed

of from the same material.

15 The cryocooler device of claim 14 wherein the material comprises an aluminum

alloy.

16 The cryocooler device of claim 15 wherein the material is aluminum alloy 6061-
Té6.
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17 The cryocooler device of claim 15 further comprising a cylinder head (1300)
attached to the crankcase (1106) for sealing the cylinder bore (1104) and wherein
the cylinder head (822) is formed of a solid unitary substrate comprising an

aluminum alloy.

18 The cryocooler device of claim 17 wherein the cylinder head (1300) further
comprises a plurality of fin shaped protrusions (1314) extending from an air

exposed surface thereof.

19 The cryocooler device of claim 14 wherein the a cylinder bore (1104) further
comprises a hard wear resistant surface coating comprising a composite layer of

nickel applied thereon.

20 The cryocooler device of claim 14 wherein the annular cylindrical wall portion
(1110) for mating with the cylinder bore (1104) includes a low fricﬁon surface
layer formed on an outside diameter thereon,’ said low friction surface layer
comprising a malleable material that includes a solid lubricating compound

impregnated therein.

21 The cryocooler device of claim 20 wherein the low friction surface layer comprises

a polymetric reinforced PTFE compound.

22 The cryocooler device of claim 21 wherein the polymetric reinforced PTFE
compound comprises RULON applied with a thickness in the range of 0.13 - 0.38
mm, (0.005 - 0.015 inches).

23 The cryocooler device of claim 20 wherein the low friction malleable material is

applied to with a thickness sufficient for dampening a natural vibration frequency

of the piston.
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24 The cryocooler device of any one of claims 1 - 5 wherein the cylinder bore (818) is
forms a compression volume (820) inside a crankcase (802), the compression
volume having a high pressure end, further comprising: -

- a cylinder head (822) attached to the crankcase(802) and mating with a sealing

5 surface (827) of the crankcase for sealing the compression volume at its high
pressure end, the cylinder head and crankcase being configured to provide an
annular recess (825) surrounding the cylinder bore (818) and, |

- a high pressure-seal element (824) formed as closed circular ring installed

within the annular recess (825) and compressed therein by the cylinder head
10 (822) and wherein the high-pressure seal element (824) has a cross-section

with a compressible open portion facing away from the cylinder bore (818).
25 The device of claim 24 wherein high pressure-seal element (824) comprises a

flexible metal substrate coated with a malleable metal outer layer for conforming

15 with and filling any irregularities surfaces that it comes in contact with.
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