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( 57 ) ABSTRACT 
Integral linear cryogenic Stirling refrigerator comprised of 
the free piston positive displacement pressure wave genera 
tor , the moving assembly of which is connected to the free 
piston displacer by the dynamic “ spring - mass - spring ” 
mechanical phase shifter the mechanical properties of which 
( spring rates and weight ) are selected to provide a prede 
termined phase lag of motion of the displacer piston relative 
to the moving assembly of pressure wave generator . 

( 73 ) Assignee : CRYO TECH LTD . , Ein Harod 
( Meuhad ) ( IL ) 

( 21 ) Appl . No .: 16 / 504,365 

( 22 ) Filed : Jul . 8 , 2019 

11 

22 16 
50 

12 
20 

18 

14 
48 

26 
64 

56 52 

24 58 

54 
62 

30 
60 

25611 
46 

34 . 32 

15 42 

38 

33 

45 zeza 36 



Patent Application Publication Jan. 14 , 2021 Sheet 1 of 2 US 2021/0010720 A1 

22 16 
50 

12 
20 

18 

48 26 

64 

56 52 

24 58 

54 
62 

30 
60 

28 . 
97747 & ! : ********* 4497 : 41 : 3199 ***** * 333197 & ??? ) ) **** ) +350 ) 

+ 3 + 386335 

40 46 

34 32 

42 

43 38 
44 

33 

45 

36 

Fig . 1 



Patent Application Publication Jan. 14 , 2021 Sheet 2 of 2 US 2021/0010720 A1 

1 

6 22 

0 

2 

18 

14 64 48 26 
52 

56 
72 

74 

34 58 
24 

33 ?? ?? ?? ? ? ? 
?? ?? 

?? ” ? 38 

36 
15 

42 

- 22 73 

Fig . 2 



US 2021/0010720 A1 Jan. 14 , 2021 
1 

SUMMARY OF THE INVENTION CRYOGENIC STIRLING REFRIGERATOR 
WITH MECHANICALLY DRIVEN 

EXPANDER 

FIELD OF THE INVENTION 

[ 0001 ] The present invention relates to cryogenic refrig 
erators . More specifically , the present invention relates to a 
cryogenic Stirling refrigerator with a mechanically driven 
expander . 

BACKGROUND OF THE INVENTION 

[ 0002 ] Cryogenic refrigeration systems are widely used 
for providing and maintaining various payloads at stabilized 
low ( cryogenic ) temperatures . One application is the cooling 
of an infrared detector ( focal plane array and read - out 
integrated circuitry ) and other related components ( cold 
shield , cold filter , etc. ) of a cooled infrared imager , where 
upon the desired signal to noise ratio may be achieved 
typically by decreasing operating temperature of the infrared 
detector . Therefore , a typical high resolution infrared imager 
includes a mechanical closed cycle Stirling cryogenic refrig 
erator ( cryogenic cooler ) . 
[ 0003 ] A typical Stirling cryogenic cooler may include 
two major components : a pressure wave generator ( positive 
displacement compressor ) and an expander ( piston dis 
placer ) . Typically , positive displacement compressor ( fur 
ther — compressor ) may be of “ moving piston ” or “ moving 
cylinder ” types . In the “ moving piston ” concept , the piston 
reciprocates inside the tightly matched static tubular cylin 
der liner , and , in the “ moving cylinder ” concept , the capped 
tubular cylinder liner reciprocates along the static tightly 
matched piston . The reciprocating motion of a compression 
piston or compression cylinder may provide the required 
pressure pulses and the volumetric reciprocal change of a 
working agent ( helium , typically ) in an expansion space of 
the expander . A displacer , reciprocating inside a cold finger 
of the expander , shuttles the working agent back and forth 
from a cold side to a warm side of the cooler through a 
regenerative heat exchanger . Typically , during an expansion 
stage of the thermodynamic cycle , the expanding working 
agent may perform mechanical work on the moving dis 
placer , thus resulting in cooling effect and heat absorption 
from an IR detector or other cooled component that is 
mounted to the cold fingertip ( cold stage of the cycle ) . 
During a compression stage of the thermodynamic cycle , 
absorbed heat along with the compression heat is rejected to 
the ambient environment from the base of the cold finger 
( warm stage of the cycle ) . The operation of split Stirling 
cryocooler is detailed in G. Walker . “ Cryogenic Coolers , 
Part 2 — Applications ” , Plenum Press . New York , 1983 . 
[ 0004 ] In a split cooler , the compressor and expander may 
be interconnected by a flexible gas transfer line ( e.g. , a 
thin - walled stainless steel tube of small diameter ) . This 
arrangement may increase flexibility of the system design 
and may isolate the cooled component from vibrations that 
are caused by operation of the compressor . In an integral 
cooler , all components are enclosed in a common casing . 
The integral configuration may enable a simpler , compacter , 
lighter , and less expensive design with better performance 
( e.g. , with lower parasitic pressure losses ) than a split 
configuration . 

[ 0005 ] There is thus provided , in accordance with some 
embodiments of the invention , a cryogenic refrigerator 
device . The cryogenic refrigerator device may include a 
housing that is configured to enclose a gaseous working 
agent . The device may also include a compressor , having a 
moving component configured to be driven back and forth 
within the housing along a longitudinal axis of the device by 
a linear electromagnetic actuator . The device may also 
include a displacer that includes a regenerative heat 
exchanger and that is configured to slide back and forth 
along the longitudinal axis within a cold finger that is 
connected to a distal end of the housing , wherein a proximal 
end of the displacer is connected to a displacer plunger that 
includes a bore that enables flow of the working agent 
between the regenerative heat exchanger and a warm cham 
ber that is proximal to the plunger . The device may also 
include an auxiliary mass configured to slide back and forth 
along the longitudinal axis within the housing and between 
the moving component of the compressor and the displacer 
plunger . The auxiliary mass may be connected to the moving 
component of the compressor by a drive spring and to the 
displacer plunger by a plunger spring , such that motion of 
the moving component of the compressor is transmitted to 
the displacer , wherein the auxiliary mass includes a bore to 
enable the working agent to flow between a compression 
chamber located between the moving component of the 
compressor and the auxiliary mass and the warm chamber , 
and a mass of the auxiliary mass and spring rates of the drive 
spring and the plunger spring are selected to introduce a 
predetermined phase shift of motion of the displacer relative 
to motion of the moving component of the compressor , both 
of which are driven back and forth periodically . 
[ 0006 ] In some embodiments , the cryogenic refrigerator 
device may include an electromagnetic driver that is con 
figured to drive the back and forth moving component of the 
compressor . 
[ 0007 ] In some embodiments , the electromagnetic driver 
comprises a moving assembly comprising axially and oppo 
sitely polarized permanent magnets configured to slide back 
and forth within the housing along the longitudinal axis , and 
a coil that is wound about the housing and return iron 
enclosing the driving coil . 
[ 0008 ] In some embodiments , the compressor comprises a 
drive piston that is connected to a shaft that extends distally 
from the magnet assembly . 
[ 0009 ] In some embodiments , the cryogenic refrigerator 
device may include a clearance seal between the movable 
compression piston and the static cylinder or between mov 
able compression cylinder and the static piston . 
[ 0010 ] In some embodiments , the compressor comprises a 
cylinder with a proximal cap , the magnet assembly sur 
rounding and attached to a liner of the cylinder , the cylinder 
configured to slide back and forth around a cylindrical core 
that is fixed to the housing . 
[ 0011 ] In some embodiments , the cryogenic refrigerator 
device may include a clearance seal between the core and the 
cylinder . 
[ 0012 ] In some embodiments , the oppositely magnetized 
permanent magnets are separated by a ferromagnetic spacer . 
[ 0013 ] In some embodiments , the cryogenic refrigerator 
device may include a linear electric motor that is configured 
to drive the back and forth the moving component of the 
compressor . 
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[ 0014 ] In some embodiments , the predetermined phase 
shift between motion of the displacer assembly and moving 
component of the compressor is selected to optimize a 
coefficient of performance of the device . 
[ 0015 ] In some embodiments , predetermined phase shift 
between motion of the displacer assembly and moving 
component of the compressor is in the range of 25 ° to 35º . 
[ 0016 ] In some embodiments , a phase shift between 
motion of the auxiliary mass and motion of the moving 
component of the compressor is in the range of 195 ° to 2050 . 
[ 0017 ] In some embodiments , the cryogenic refrigerator 
device may include a clearance seal between the plunger and 
the housing . 
[ 0018 ] In some embodiments , a distal end of the auxiliary 
mass is mechanically coupled by a plunger spring to a 
displacer plunger that is connected to the displacer . 
[ 0019 ] In some embodiments , the displacer includes a 
regenerative heat exchanger or a regenerator . 
[ 0020 ] In some embodiments , the auxiliary mass and the 
displacer plunger each comprise a central bore so as to allow 
pneumatic communication of the gaseous working agent 
between the compression chamber , the warm chamber and a 
warm side of the regenerator . 

BRIEF DESCRIPTION OF THE DRAWINGS 

[ 0021 ] In order for the present invention to be better 
understood and for its practical applications to be appreci 
ated , the following Figures are provided and referenced 
hereafter . It should be noted that the Figures are given as 
examples only and in no way limit the scope of the inven 
tion . Like components are denoted by like reference numer 
als . 
[ 0022 ] FIG . 1 schematically illustrates an example of an 
integral linear cryogenic refrigerator with a linearly driven 
compression piston of a “ moving piston ” compressor con 
nected to the displacer via a spring - mass - spring mechanical 
phase shifter . 
[ 0023 ] FIG . 2 schematically illustrates an example of an 
integral linear cryogenic refrigerator with a linearly driven 
compression cylinder of a “ moving cylinder ” compressor 
connected to the displacer via a spring - mass - spring 
mechanical phase shifting mechanism . 

within the computer's registers and / or memories or other 
information non - transitory storage medium ( e.g. , a mem emory ) 
that may store instructions to perform operations and / or 
processes . Although embodiments of the invention are not 
limited in this regard , the terms “ plurality ” and “ a plurality ” 
as used herein may include , for example “ multiple ” or “ two 
or more ” . The terms “ plurality ” or “ a plurality ” may be used 
throughout the specification to describe two or more com 
ponents , devices , elements , units , parameters , or the like . 
Unless explicitly stated , the method embodiments described 
herein are not constrained to a particular order or sequence . 
Additionally , some of the described method embodiments or 
elements thereof can occur or be performed simultaneously , 
at the same point in time , or concurrently . Unless otherwise 
indicated , the conjunction “ or ” as used herein is to be 
understood as inclusive ( any or all of the stated options ) . 
[ 0026 ] In accordance with an embodiment of the present 
invention , an integral linear cryogenic refrigerator includes 
a free piston displacer assembly which is driven mechani 
cally via a chain - wise spring - mass - spring phase shifting 
mechanism . The mechanism includes a displacer spring that 
connects between the displacer plunger and an auxiliary 
mass , and a piston spring that connects between the auxiliary 
mass and the moving component of the compressor . As used 
herein , a reciprocating linearly driven element ( e.g. , “ mov 
ing piston ” or “ moving cylinder ” that is driven by an 
electromagnetic linear motor or other reciprocating linear 
actuator ) that is configured to periodically compress and 
decompress a gaseous working agent in a compression space 
is referred to as a “ compressor ” . Examples of a compressor 
include a “ moving piston ” that is configured to be driven 
back and forth within a static matched cylinder liner and a 
capped “ moving cylinder ” liner that is constructed and 
configured to be driven back and forth about a matched static 
piston . Other types of compressors may be used . 
[ 0027 ] Operation of the integral linear cryogenic refrig 
erator is configured to absorb heat from a cooled component 
that is in thermal contact with a cold end of the integral 
linear cryogenic refrigerator , referred to herein as a “ cold 
finger ” tip , and to reject heat from a warm side of the integral 
linear cryogenic refrigerator . Typically , the warm end of the 
integral linear cryogenic refrigerator is in thermal contact 
with the ambient atmosphere and is thus at or above the 
ambient temperature . As used herein , reference to a proxi 
mal or distal end of the integral linear cryogenic refrigerator , 
or of a component of the integral linear cryogenic refrig 
erator , refers to a position relative to the warm end of the 
integral linear cryogenic refrigerator . 
[ 0028 ] When the integral linear cryogenic refrigerator is in 
operation , a moving component of the compressor is moved 
back and forth along a longitudinal axis of the integral linear 
cryogenic refrigerator by a linear electric motor within a 
sealed housing . For example , the linear electric motor may 
include a linearly moving assembly that includes coaxially 
arranged axially and oppositely polarized permanent magnet 
disks sandwiching a circular ferromagnetic yoke . A coaxi 
ally arranged stator includes a driving coil that is enclosed 
by a ferromagnetic back iron material that includes radial 
and axial air gaps . Alternating current that is applied across 
the driving coil may apply an alternating axial force to the 
moving assembly . Other linear electric motor arrangements 
may be used . For example , in some other arrangements , the 

DETAILED DESCRIPTION OF THE 
INVENTION 

[ 0024 ] In the following detailed description , numerous 
specific details are set forth in order to provide a thorough 
understanding of the invention . However , it will be under 
stood by those of ordinary skill in the art that the invention 
may be practiced without these specific details . In other 
instances , well - known methods , procedures , components , 
modules , units and / or circuits have not been described in 
detail so as not to obscure the invention . 
[ 0025 ] Although embodiments of the invention are not 
limited in this regard , discussions utilizing terms such as , for 
example , " processing . " " computing . " " calculating . " " deter 
mining , " " establishing " , " analyzing " , " checking " , or the 
like , may refer to operation ( s ) and / or process ( es ) of a 
computer , a computing platform , a computing system , or 
other electronic computing device , that manipulates and / or 
transforms data represented as physical ( e.g. , electronic ) 
quantities within the computer's registers and / or memories 
into other data similarly represented as physical quantities 










