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Course Goals

Provide information to a variety of students
Learn about various types of cryocoolers
Learn about space applications of cryocoolers
Provide information resources for future use

Answer questions
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* Heat exchangers
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Cryogenic Information, p. 1

« Government Web Sites

—NIST Cryogenic Technologies Group

*\WWWW.Cryogenics.nist.gov
*Material properties, fluid properties, copies of papers

—Los Alamos National Lab. Thermoacoustics

Wwww.lanl.gov/projects/thermoacoustics
*DeltaE thermoacoustics computer model

—NASA

http://www2.jpl.nasa.gov/adv_tech/
http://cryo.gsfc.nasa.gov/index.html

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 6



Cryogenic Information, p. 2

« Non-Profit Technical Societies

— Cryogenic Society of America
(Www.cryogenicsociety.orq)

e Cold Facts Newsletter (4 times/year)
e Sponsors short courses and workshops

= Superconductors.org (http://superconductors.org)
e Superconductor information and news for the beginner
 Links to other superconductor information
« Beware of high T, claims by author

— ASME, AChE, AIAA, SPIE, IEEE

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 7



Cryogenic Information, p. 3

« Cryogenic Fluid Properties

— NIST Scientific Databases (www.nist.gov/srd)
e REFPROP, fluids & mix: NIST 23 (85 fluids,75 prop. $200)
o Steam: NIST 10, ASME and IAPWS (25 prop., $50)
 NIST Chemistry Webbook (34 fluids, 12 prop., free online)

— Cryodata (www.cryodata.com)
e Pure fluids, GASPACK(36 fluids, 28 properties, $595)
e Helium, HEPAK (0.8 to 5000 K, 33 properties, $595)
e Water and steam, STEAMPAK (273 to 2000 K, $595)
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Cryogenic Information, p. 4

« Cryogenic Material Properties

— NIST Cryogenic Technologies Group
e WWW.Cryogenics.nist.qgov
» Material properties equations on web, >80 materials (1-300 K)

— Cryodata (www.cryodata.com)
« METALPAK, 14 metals, 4 properties, $550
« CPPAK & EXPAK, 21 & 28 additional mat., $325 each
e CRYOCOMP, 61 materials, 7 prop., $990

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 9



Cryogenic Information, p. 5

- Material Properties (cont.)

— JAHM Software (www.jahm.com)
« MPDB, 1000 materials, 19 properties, $495
 Temperature dependent, including much cryogenic

— MatWeb (www.matweb.com)
e 24,000 materials, 10-20 room temp. prop., free online

— Electro Optical Industries, Inc. (www.electro-optical.com)

e Emissivities of many materials at room temp., free online

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 10



Cryogenic Information, p. 6

» Cryocooler Publications

— Journals
e Cryogenics
» Cryogenic Engineering (Japan) (English abstract & figures)
* Review of Scientific Instruments

— Conference Proceedings

International Cryocooler Conference (ICC); 2 yrs., even
Cryogenic Engineering Conference (CEC); 2 yrs., odd
International Cryogenic Engineering Conference (ICEC)
International Cryogenic Materials Conference (ICMC)
International Institute of Refrigeration (1IR)

International Society for Optical Engineering (SPIE)
Applied Superconductivity Conference (ASC); 2 yrs., even
 American Society of Mechanical Engineers (ASME trans.)

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 4]



Cryogenic Information, p. 7

« Suggested Reading

— Books

* G. Walker, Cryocoolers, Plenum Press, NY (1983)

G. Walker and E. R. Bingham,
Low-Capacity Cryogenic Refrigeration, Oxford Press (1994)

R. Barron, Cryogenic Systems, Oxford Press, (1985)
T. Flynn, Cryogenic Engineering, Marcel Dekker, NY (1997)

J. Ekin, Experimental Techniques for Low Temperature
Measurements, Oxford Press, (October, 2006)

J. G. Weisend Il, ed., Handbook of Cryogenic Engineering, Taylor
& Francis, Philadelphia (1998)

Bernd Seeber, ed., Handbook of Applied Superconductivity,
Institute of Physics Publishing, Bristol (1998)
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Cryogenic Information, p. 8

« Suggested Reading (continued)

— Books (continued)

M. Elwenspoek and H. Hansen,Silicon
Micromachining, Cambridge Univ. Press (1998)

N. Mulaf and K. Williams, An Introduction to
Micromechanical Systems Engineering, Artech
House (2004)

W. M. Kays and A. L. London, Compact Heat
Exchangers, 3 ed., McGraw-Hill (1984)

Neeraj Khare, Handbook of High-Temperature
Superconductor Electronics, Marcel Dekker (2003)

S. Kakac, H. F. Smirnov, and M. R. Avelino, Low
Temperature and Cryogenic Refrigeration, NATO
Science Series, Kluwer Academic Publishers (2003)
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Cryogenic Information, p. 9

« Suggested Reading (continued)
— Atrticles

6/28/2015

R. Radebaugh, “Cryocoolers: the state of the art and recent
developments,” J. Phys.: Condens. Matter 21 (2009), 164219 (9pp)

A. Ravex, “Small Cryocoolers,” Handbook of Applied Superconductivity,
Vol. 1, Inst. of Phys. (1998) pp. 721-746

R. Radebaugh, “Cryocoolers and High-T_ Devices,” Handbook of High-
Temperature Superconductor Electronics, Marcel Dekker, New York
(2003), pp. 379-424

R. Radebaugh, “Pulse Tube Cryocoolers,” Low Temperature and
Cryogenic Refrigeration, NATO Science Series, Kluwer Academic
Publishers (2003), pp. 415-434

R. Radebaugh, “Status and Recent Trends in Cryocooler Research,”
Cryogenics and Refrigeration (Proc. ICCR 2008), Science Press, Beijing,
(2008), pp. 11-22

R. Radebaugh, “Refrigeration for Superconductors,” Proc. IEEE, Special
Issue on Applications of Superconductivity, Vol. 92 (2004), pp. 1719-1734
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Definitions

CRYOGENICS: Science and technology of very
low temperatures

CRYOGENIC TEMPERATURES: Temperatures
less than 120 K (common usage)

TEMPERATURE SCALES:

Increment:

1K=1°C=1.8°R=1.8°F

Kelvin (K) Celsius (°C) Rankine (°R) Fahrenheit (°F)
0 -273.15 0 -459.67

273.15 0 491.67 32

3/7/3.15 100 67/1.67 212

6/28/2015

CSA Short Course, Cryoco

olers and Space Applications
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Cryogenic Fluids

« CRYOGEN: Fluid with normal boliling point < 120 K

Cryogen Boiling point (K) Triple point (K) ﬁ?g;ce
Krypton, Kr 119.78 115.77 REFPROP
Methane, CH, 111.67 90.69

Oxygen, O, 90.19 54.36

Argon, Ar 87.30 83.81

Fluorine, F 85.04 53.48

Carbon monoxide, CO 81.63 68.13

Alr, 0.76N,+0.230,+0.01Ar 78.9 —81.7 59.75

Nitrogen, N, 77.36 63.15

Neon, Ne 27.10 24.56

Hydrogen (normal), H, 20.39 13.96

Hydrogen (para), H, 20.28 13.80

Helium-4, He* 4.230 -

Helium-3, He3 3.191 -

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 17
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Cryocoolers: Important Parameters

Net refrigeration power, Q. : Q. =dQ/dt
Power input, \\/ : W =dW /dt
Actual Coefficient of Performance, COP :

COP =Q, /W
Ideal (Carnot) COP : COPcamot =T /(T —Te)
Efficiency, n: 1 =COP /COP: 40t

Specific power, P, : P, =1/COP

CSA Short Course, Cryocoolers and Space Applications 18



Important Parameters, p. 2

- Mass « Reliability

« Volume - Shelf life

- Cool down time « Split or integral

- Vibration systems

- Acoustic noise - Cost |

. Electromagnetic - Ambient cooling
inerference (EMI) method

- Operating life  Vibration tolerance
— Mean time between - Orientation

maintenance (MTBM) - Low/Zero gravity

— Mean time between environment

failure (MTBF)

— Mean time to failure
(MTTF)

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 19



Hughes data

6/28/2015

Typical Failure Rate Curve

Tactical Linear Stirling Cryocoolers

1200 | |
| |
v | |
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First Ice Machine (1834)

Jacob Perkins

Vapor-compression cycle
- Automated Faraday’s

technique of liguefying gases

- 1834 British patent
by Jacob Perkins

- Ether refrigerant (patent)  condenser Evaporator
+35 °C NBP

Made by John Hague
in 1834

Drawing courtesy: Science Museum/Science and Society Picture Library, London
6/28/2015 CSA Short Course, Cryocoolers and Space Applications 22



Helium Liguefaction (1950s)

Collins helium liquefier

 Invented 1946; commercial 1947
« 4 L/h (original)

e 2 EXxpansion engines (Kapitza)

« 400 units worldwide (2005)

» Allowed 4 K research worldwide

Collins2-1946.jpg

Collins He lig schematic.tif

’ S Collins He liquefier-ADL.jpg 23
6/28/2015 CSA Short Course, Cryocoolers and Space Applications



Miniature Joule-Thomson Cryocoolers
Open System

A
» Used for direct cooling of infrared sensors
* First direct coupling of cryocooler to device (late 1950s)

Air Products and APD Cryogenics miniaiurejt.cdr

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 24



First Coupling of Cryocooler to Application

Stirling Cryocooler for Cooling Infrared Detector

Stirling aim com mod.jpg

Developed in

about 1966
About 1 W at 80 K

Courtesy: G. Walker, Cryocoolers, Plenum (1983) FLIRmodular-cooler.jpg

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 25



GM Cryocooler Early History

Gifford-McMahon (GM) 1983 Cryopump with GM cryocooler
Cryocooler Invented 1960

15 K Condensing
80 K Condensing T2 Array
Array

15 K Charcoal
Bed /

* 1970s 2-stage GM
1l Wat26K
* CTl model 0120

Courtesy: CTI

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 26
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Benefits of Low Temperatures (Applications)

6/28/2015

Preservation of biological material and food
Densification (liquefaction & separation)

Quantum effects (fluids and superconductivity)
— Low dissipation (superconductivity)

— High-precision metrology (atomic parameters)

— Action over a distance (fast response)

Low thermal noise
— Electromagnetic
— Electronic

Low vapor pressures (cryopumping)
Property changes (permanent and temporary)
Tissue ablation (cryosurgery)

CSA Short Course, Cryocoolers and Space Applications 28
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Cryogenic Applications

Preservation of biological material and food

Densification (liguefaction & separation)

Quantum effects (fluids and superconductivity)
— Low dissipation (superconductivity)

— High-precision metrology (atomic parameters)

— Action over a distance (fast response)

Low thermal noise
— Electromagnetic
— Electronic

Low vapor pressures (cryopumping)
Property changes (permanent and temporary)
Tissue ablation (cryosurgery)
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Oxygen and Hydrogen Rockets

Year
1950 1960 1970 1980 1990 2000 2010
[ I I I I I P>
>
]_ Space Shuttle
Sputnik |
Apollo 11

moon landing

Saturn-V
* Properties:

H, and O,
o <500 of US 02 o
°1.8x106 kg LOX " RL10
» 5.0x104 kg LH, | 66.7 kN
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Cryogenic Applications

Preservation of biological material and food
Densification (liquefaction & separation)

Quantum effects (fluids and superconductivity)

— Low dissipation (superconductivity)
— High-precision metrology (atomic parameters)
— Action over a distance (fast response)

Low thermal noise
— Electromagnetic
— Electronic

Low vapor pressures (cryopumping)
Property changes (permanent and temporary)
Tissue ablation (cryosurgery)
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Magnetic Resonance Imaging (MRI)

h
30,000

gnets

20,000

Number of SC MRI ma

10,000

! ! ! | | | | | | | | | |

0 l 1 >
1980 1990 2000 2010 2015
Year o .

Cumulative number of MRI
superconducting magnets sold

R supamagnetsl oo

« 1.5 T Superconducting magnets

1Wat4K

« Non-magnetic regenerators

» >40,000 4 K GM cryocoolers since 1995 Tumor
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Critical Magnetic Fields

* 15t generation HTS wire

/ - 2nd generation HTS wire

Figure courtesy: Scanlan et al.
Proc. IEEE, vol. 92 (2004)
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HTS Superconducting Motors

HTS Motor Output
1et5 - I ‘ \ ' |

Drawing courtesy: American Superconductor Corporation

| 1 | ! |
1990 1995 2000 2005 2010
Year
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37.5 MW Ship Motor

* Ship motor
* 150 rpm

« 2007

« AMSC

HTS motor

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 35



Superconducting Electronics:

NIST Standards and Measurements

All based on condensed matter quantum phenomena

Magnetic flux
guantum

i Magnetic flux
i ~ Temperature standards J
Ao guantum

Voltage standards*

Capacitance standards® Electron charge

Infrared and x-ray

iMaging % Photon

Optical photon counting* Photon

_ * Best-in-the-world
Courtesy: R. Harris, NIST

///////// SA Short Course, Cryocoolers and Space Applications 36



Low Thermal Noise

Microcalorimeters (Bolometers)

Good for detecting X-rays
Photon Thermometer

E J T
Photon —» Heat
7 .
C ; G Thermal

Heat ~ Conductance
Capacity T

Temperature

Very low at low temperatures

« Root-mean-square epérgy fluctuations ~ (k, T? C)/2
eForT=0.1K,C=10pJ/K, AE ~10eV

* Need to integrate a thermometer into C Courtesy: J. Ullom, NIST

several possibilities, such as transition-edge sensors

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 37



Superconducting Transition-Edge Sensor

Transition-Edge

Sensor (TES) SQUID
0.06 . . .

OOOOQOO
—" O
8 0.04 [ o & <>
@t : PR
2 o 9
D 0.02[ 2 Z 4
0 g 9 gl

e Spectral Resolution:
O Q00 O

1.2 eV out of 6 keV

95.8 : :
99 02 130 eV conventional

Temperature (mK)
Photon —» Heat —» Resistance — Current

Courtesy:R. Harris, NIST

6/28/2015 CSA Short Course, Cryocoolers and Space Applications
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Cryogenic Applications

Preservation of biological material and food
Densification (liquefaction & separation)

Quantum effects (fluids and superconductivity)
— Low dissipation (superconductivity)

— High-precision metrology (atomic parameters)

— Action over a distance (fast response)

L ow thermal noise

— Electromagnetic
— Electronic

Low vapor pressures (cryopumping)
Property changes (permanent and temporary)
Tissue ablation (cryosurgery)
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Cooled Infrared Sensors

Year
1950 1960 1970 1980 1990 2000 2010

N N I

 Military tactical applications

 Night vision

« About 180,000 coolers to date
since 1970s

«0.3t0 1.75W at 65 -120 K

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 40



Military Advantage in Total Darkness

Selected readout: Black-hot Selected readout; White-hot

"Our night-vision capability provided the single
greatest mismatch of the war."

General Barry McCaffrey, commander of the 24th Infantry Division,
1991 Persian Gulf War

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 41



Atmospheric Infrared Imaging

Earth Observing System (EOS)

pban Surface Air Temper:

AIRS data, January 20(

AIRS Pulse Tube
Cryocoolers (2)

«1.2W @ 55K

* 60 W input

* TRW

* May 2002 Launch

6/28/2015 CSA Short Course, Cryocoolers and Space Applications
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Infrared and X-Ray
Space Telescope Missions

The Electromagnetic Spectrum

[ Radio ) [ Microwave ) [ Infrared ) [ Visible ] [Ultraviolet ) [ X-ray | (Gamma Ray|

1 — 107
.ﬂ.humme size of;

Buildings Graing of Sugar Previososns Atomic Nuckel

Only 4% of universe

Why infrared? mass seen as visible | \Why X-Ray?

 Cold universe  Detect dark matter
* Obscured regions * Test gravitational theory
e Dust emissions « X-rays around black holes

* Molecular spectral lines e Elements in universe
 Highly redshifted universe

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 43
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Cryogenic Applications

Preservation of biological material and food
Densification (liquefaction & separation)

Quantum effects (fluids and superconductivity)
— Low dissipation (superconductivity)

— High-precision metrology (atomic parameters)

— Action over a distance (fast response)

Low thermal noise
— Electromagnetic
— Electronic

Low vapor pressures (cryopumping)

Property changes (permanent and temporary)
Tissue ablation (cryosurgery)
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Cryopumps (15 K)

60 K

15 K

e Used to produce clean vacuum
* Required for semiconductor processing
* About 20,000/yr at peak of semiconductor business

6/28/2015 CSA Short Course, Cryocoolers and Space Applications Cryopump01.cdr 45
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Cryogenic Applications

Preservation of biological material and food
Densification (liquefaction & separation)

Quantum effects (fluids and superconductivity)
— Low dissipation (superconductivity)

— High-precision metrology (atomic parameters)

— Action over a distance (fast response)

Low thermal noise
— Electromagnetic
— Electronic

Low vapor pressures (cryopumping)
Property changes (permanent and temporary)

Tissue ablation (cryosurgery)
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Cryosurgery Applications and Markets

eCancers
—Skin
—Cervix (er
—Prostate
—Liver
—Kidney
—Lung
—Brain Research

—Breast

Abnormal Uterine Bleeding

—120,000 women in U.S. each year get hysterectomies for this
—Recovery period is 6 weeks for hysterectomy

—Recovery period of 1 day for cryoablation

—Cryoablation of uterine lining received FDA approval in 2001

6/28/2015 CSA Short Course, Cryoc 9'5p e Applications 47



Cryosurgery Applications and Markets
p. 2

«Cardiac Arrhythmias
—2.5 million in U.S. suffer from atrial fibrillation
—5 million in developed world
—Options include medication or rf catheter treatment
—Cryoablation received FDA approval in 2004 for clinical trials
—FDA approval in 2010 for clinical use

Cryo catheters vs. rf catheters: Comparison

rf Cryo
Held fixed by sticking to the wall No Yes
Can provide mapping No Yes
Free of blood clot formation No Yes
Pain-free No Yes

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 48



Cryocooler Applications




Cryocoolers — An Enabling Technology

Spectacular

/applications

Spectacular =

* high resolution

* high precision

* high sensitivity

* high power density
* low power

* low noise

Enabling

Source: ISTEC, Tokyo, Japan CryOCOOIerS

/ technology
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Potential Cryocooler Problems

* Reliability

*Efficiency

*Size and weight

*Vibration

*Electromagnetic Interference (EMI)
*Heat rejection

*Cost

o



Balancing Act

Cryocooler Research

Goal

Reduce disadvantages
(Cryocooler invisible to user)

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 52
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Thermodynamic State Functions

Pressure
Temperature
Volume
Internal energy
Enthalpy

Entropy
(Others)

Intensive Extensive
P (Pa)
T (K)
v (M3/kg) V (m?3)
u (J/kg) U (J)
h (3/kg) H (J)
H=U+PV
s (J/(kg-K)) S (J/IK)

Two functions uniquely define all other functions

CSA Short Course, Cryocoolers and Space Applications
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Equations of State

|deal (Perfect) gas: PV = mRT PV = nR,T
Gas constant, R (J/(kg-K)) R, (J/mol-K)
Van der Waals, Beattie-Bridgeman, etc.: PV = ZmRT

Two thermodynamic functions are sufficient to define the
thermodynamic state of a fluid.

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 55



Thermodynamic Processes

Consider a change of thermodynamic state from A to B
via three different paths.

A @
Pressure &
©) B
Volume

A change in, say, pressure and volume will cause the same
change in the state functions (temperature, internal energy,
enthalpy, entropy, no matter which process or path is followed,

but

the work done (W) and the heat transferred (Q) do depend on
the path or nature of the process.

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 56



Thermodynamic Processes, p. 2

Work done (W) Is the area under
the process on the P-V diagram

B B

V vV
Flow process: Non-flow process

B B
dw :deP dw =dev
A A

Moving piston or rotating shatft

6/28/2015 CSA Short Course, Cryocoolers and Space Applications

Heat transferred (Q)
IS the area under the
process on the T-S
diagram

T] A

S

dQ < TdS (general)
dQ = TdS (reversible)

57



Comparison of Expansion Processes

Phigh Piow

Two-phase _
boundary Isothermal Isenthalpic/ hg

TEMPERATURE

ENTROPY Cycles2acdr
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Thermodynamic Cycle

Sequence of thermodynamic processes followed
repeatedly in the course of operation of a
thermodynamic device (refrigerator)

B Carnot
A cycle

P y

Net C

work input: D
Area ABCD

T

Y P S Q

A-B: Isothermal compression Heat supplied: area CDQP

B-C: Isentropic expansion Heat rejected: area ABPQ
C-D: Isothermal expansion

D-A: Isentropic compression

CSA Short Course, Cryocoolers and Space Applications 59



ldeal Cycles

dQ < TdS

dQ =TdS
(reversible)

6/28/2015

T, Ericsson

b S ’nrh:\g -
V/ /41
————— >
TC
S
s Brayton /|- ‘
T k2 T
Y
Heat transfer

. Joule-Thomson

"

»
»

S

CSA Short Course, Cryocoolers and Space Applications
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Thermodynamic Fundamentals

FIRST LAW OF THERMODYNAMICS
(Conservation of Energy)

The net flow of energy across the boundary of a system
is equal to the change in energy of the system.

Hot Surrounding
F reservo II’ ‘+:+:+:+:+:+:+:+:+:+:+:+:+:+:+::+:+:+:+:+:+:+:f-'
Qh

. System
stem .
............ _ PSS Cold
reservoir
Englne Closed System Refrlgerator
W = Qp- Qo- U W = Q- Q.+ U
Refrig8c.cdr
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Thermodynamic Fundamentals, p. 2

SECOND LAW OF THERMODYNAMICS
(Relation of work and heat)

Kelvin Statement Clausius Statement

Surrounding

Hot , PFRSddiSgeidgeeitel O\ oooeiviy
\ . b?ﬁ o SRR R R RR AR R RRRARARRRY
Sysém |—\\/ %

/ A - \
Qc

e P Co

Surrounding reservoir

Of the heat supplied at a high temperature No process is possible whose sole result
to a system not all can be converted to work; is the removal of heat from a reservoir
a fraction of it must be rejected as heat at one temperature and the rejection of
at a lower temperature. an equal quantity of heat to a reservoir

at a higher temperature.
Refrig9c.cdr
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Thermodynamic Fundamentals, p. 3

SECOND LAW OF THERMODYNAMICS
(Entropy Balance)

AN surrounding /
Closed Sysfem
W refrigerator Qc: Qo 2 d(ms)
, S ; :
dt Qc . Qo Sei T d(ms)
TQC Te To irr dt
NS T
cold C
reservoir

Si, : lrreversible entropy production

Refrig10c.cdr
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Thermodynamic Fundamentals, p. 4

(Mass crosses system boundary)

THERMODYNAMICS OFSYSTEMS}

S Jih; S _M; S

| system Cinlet | system Cinlet
<«<——  d(mu) d(ms) o« 0
W dt | me_he dt " Siry | m(—-:‘se

thermal
reservoir

M| Tj

thermal
reservoir

NT'

(a) Energy Balance (b) Entropy Balance
(First Law) (Second Law)

Open system useful for components  vowreisices
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Thermodynamic Fundamentals, p. 5

Refrigerator Cold Tip Open System
_ _ Thermodynamics
mih;  mehe

l ﬁ First Law. (steady state)
I Qc = Wexp + Mgh, - Mihy
| : W : : )
Cold tip » EXP Q. = Wexp+ m(h, - h)
- T e (h = specific enthalpy)

6/28/2015

h is independent of pressure
for an ideal gas

Refrig5c.cdr
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Thermodynamic Fundamentals, p. 6

__________ Cms Open System
i system W Thermodynamics
L d(ms) . 1
| cft ), Sir ! MeSe Second Law: (steady state)
S I exit Q_ .
Q M (Se-Si) = Tj + Sirr
T
thermal b b
reservolr Q _ mJ'TdS B J‘Tdslrr
e a a
(S SpeCilic eniiopy) For temperature
s is a function of pressure distribution

fOI’ an |dea| gaS Refrigl3c.cdr
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Thermodynamic Fundamentals, p. 7

IR ih | Open System RE PLLE
R inlet - L R Cinlet
<« Thermodynamics | i gms) . ! .
W : dt : mehe : dt : Sirr | MgSe
i o | :
_________ 1 exit —————p———-1 exit
lo lo
Tj T
thermal 1St 2nd thermal
reservoir L aw L aw reservoir

Q=W +m(hg —h;) Steady state _%-l- Sir =M(Se —S;)

Combined: (W =m[(h; ~Ts;)—(he ~Tse)]-TSiu)  Isothermal
h —Ts = g = Gibbs free energy

Reversible process: [ W,o, = M(; —0e) = mAg]
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Thermodynamic Fundamentals, p. 8

surrounding S
R T, Definitions Leaving system
Coefficient of Performance COP /
: refrigerator W '
Wco} _ g. _ »EXP COP = QC & g (TOSIrI’ +Wexp)
U; S; Sirr Wco TO T WCO
1o Specific P
T .T pecitic Power
cold ¢ ~ 1 _ Weo
reservoir P = T
s COP Qc
First Law: (steady state)
: T AR et |deal (Carnot) COP Sirr = 0
Wco_WeXp_Qo_Qc T W :0
_ C
COF)Carnot _T T
Second Law: (steady state) 0 lc
Qo_ Q& ¢ Efficiency
T 0 £ Tc 5 Sirr _ ¥
n - COP/COpcarnOt Refrig4ca.cdr
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Specific Power

Watts of input power per watt of refrigeration power
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Strobridge Survey (Efficiency) 1974

10' | . _ .

on
'O
»

S ®
0

PERCENT CARNOT
I

/ NEW OLD
0@ e -]8-9K
B [ AV A -|0-30K
| D¢ ® -30-90 K
LUnder Development
I

’ (JI‘IM“J JJ!'IJI'S I‘5

Strobridge1.tif

I
N
PI'

G clebd P el U
10" 10° 10’ 10 10°
CAPACITY, WATTS

Source: T. R. Strobridge, “Cryogenic Refrigeration — An Updated Survey,” NBS Tech. Note 655 (1974)
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Updated Cryocooler Survey

10" = 11 111 T TTI T TT1

nll Updated Cryocooler Survey

(o]

PERCENT CARNOT

NEW OLD 1974 DATA
o e ® - 8-9 K

AV A -0 -30 K
- 0¢C ® -30-90 K
L Under Development

b

N Ll Db bbbl L bbb L 1

10° 10 102 10° o} 10° 10°

CAPACITY, WATTS stobrigeth.car

Source: Bruning, et al., “Survey of Cryocoolers for Electronic Applications”, Cryocoolers 10 (1999)
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CILTEC Cryocooler Survey

CILTEC — Center for Interfacing Low Temperature
Electronics and Coolers

H. J. M. ter Brake and G. F. M. Wiegerinck,
University of Twente, The Netherlands
www.CILTEC.org

*Excel spread sheet on 27 parameters for
235 cryocoolers from 35 vendors

See: Cryogenics, vol. 42, pp. 705-718 (2002)

Efficiency trend about the same as the 1999 Bruning survey
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Specific Mass of Cryocoolers

CILTEC 2002 Survey

1000 Ay o
Ay
X

X
+
.
100 X3ty
A
+ . J
. / Aircraft rejuirement

A Stirling
W PT (LF)
OPT (HF) H
® throttle

X Smtih et al. (65 coolers, '84)

+ Daunt + Goree (21 coolers, '69)

10

mass (kg)

0,1
1 10 100 1000 10000 100000

Pin (W) CILTEC-mass-vs-Pin-2.cdr
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Temperature Dependence of Efficiency

Ladner Survey (>120 Data Sets)

Pulse tube Stirling
30 [T T T ‘ (L | L | T T | (L T 17T 40 _I T T T 11 | T T T | T T | (L ‘ [N I_
.25 — — N B -~ Bestdata ]
8 - . Best data 7 8 30 — ..,...-O“'- ., —
E 20 :_ ® _: EE B o8 ®e i
O L % o _ O B s ° ///\ \\: ® 7
y— B o ° 7] y— - // \\. |
O 15 — — © 20 — —
= N e o Fit to average data = . = /:: - "t —
- -~ . = / [ \ —
8 10 E . ...//__._._‘._\'\ / = g B v it to average data . ]
_ L ) // ~ ] = \ |
o N S N\
5 — /" o T / \
-/ ~o ] —/ N\
L/ ~ - / \
0 _/I 11 1 | L 111 | I | | L1 11 | I | | L1 |\|\_ O _/I L1 1 | [ | I L1101 | L1 11 | [ | | L1 1 |\_
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Cold Temperature (K) Cold Temperature (K)

Cryocoolers 16 (2011) p. 633-644

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 74



Outline

Session 1
* Information sources
e Definitions
 History

 Applications and problems

* Thermodynamics

* Cryocooler types and operating principles
« Joule-Thomson (JT) cryocoolers

e Brayton cryocoolers

» Claude systems

* Heat exchangers
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Vapor-Compression Cycle

Domestic Refrigeration

System |\a
W Cycle
7
(UMMl 725
x Two-phase R, B
Ambient @ boundary A
QO’TO b . Condensor % iquid ;
Flabern. (Aftercooler) R A e E T
_ a ) 0 C/ H
Expansion Q. / 2
= / vapor
valve 1 Sk, L
VG \1 ha
L] h, h; N3 |senthalps
Refrigerant| -~ — —— | Evaporator Entropy >
plus oil -
19,7,
COO“ng Cyclesl8ca.cdr
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Joule-Thomson Effect

- E
W
T
/ Compressor o
A Gl b mml
QO TOMAﬂerwoler '_
Heat B
exchanger “
JT
orifice
e —C
Joule-Thomson cooling (1852) :
20 MPa 0.1 MPa Vaporalor g e
300 K 269'2 K ycles12ca.cdr TQC , HamF;SOn 02
Recuperative heat exchanger Liquefier (1895)

Sj 3 Joule-Thomson cryocooler h
iemens (1857) (Linde-Hampson) 20 MPa (3 L/hr)
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Joule-Thomson (JT) Cycle

(Linde-Hampson Cycle)

system |W Cryogenic Refrigeration

Compressor
A (oil-free)
QO ’TO b Aftercooler
<— 1 a
b
Heat
exchanger
i C
orlflce\(%i)
d e
Refrigerant|— - — - — | Evaporator
only -
G

Cooling

6/28/2015

CSA Short Course, Cryoco

S

Temperature

St

Cycle

Heat exchange

»
»

Two-phase
boundary

hy
h, Isenthalps

»
>»

Entropy

Cyclesl9ca.cdr
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Heat Exchangers

Two Types

RECUPERATIVE] REGENERATIVE]
Separate channels with solid walls A single flow channel filled H|0t A
separatingthe continuously flowing  with a matrix of finely divided s
hot and cold fluids. Fluidsusually ~ material subject to alterating ~ fz3i
In counterflow. flows of hot and cold fluids. *I

Hot
| A For continuous flow one must ok
have two identical matrices with Hot
Q periodic switching = % .
% % or V| 4
/ a disc rotating slowly (thermal wheel) efee] [
7 | and passing alternately through
Cold the hot and cold fluid ducts il 2
Cold

Heat transfer

Siemens: 1857 Stirling: 1816

Ly Refrig7c.cdr
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Recuperative Cryocoolers

(Steady Flow)

WO
V\'/o wo M
DN\ NN\ R To? %9
wnd ¥ a?
Heat WC '@_
§ § exchanger § @"g
JT /' i >
W
e ‘i'g]g—mj
Jtd B
QC ’TCT QC 1TC

valve\w

(a) J.ou!e-Thomson (b) Brayton. . (c) Claude TQC T
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Regenerative Cryocoolers

(Oscillating Flow)

St i o1 GM-type

|

|

|
Reservoir i\

|

|

A S Qo

‘ r === rifice

1 Q ’T o

e Qn . Th -

‘ g : v ) :
S Pulse |
Displacer tube

Regenerator - " A 1 Hz or Q T T
20-60 Hz ©’'" ' 30-60 Hz o ST Ra

(a) Stirling (b) Pulse Tube (c) Gifford-McMahon
Stirling- or GM-type (G™M)
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Cryocooler Applications and

Operating Regions

-
o
(o))

Accelerators Air liquefaction

& Fusion

-
o
(8]
|

(Commercial) lines
Turbo-Brayton/Claude

Transformers

Turbo-Brayton
1GJ
Mid-size (Spec:al)

Cryopumps

—
o
o
I
-
>
e

-
o
w
|

-
-
-
-
-
-

Motors MeMahon
----- -Be‘arlngs

-
o
|
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SC) 6‘l'\.')
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Joule-Thomson (JT) Cycle

(Throttle Cycle)

ADVANTAGES

® No cold moving parts
® Steady flow (no vibration)

‘“\\\ ® Transport cold long distance
e Cold end can be miniaturized

DISADVANTAGES

® Relies on real-gas behavior

® Requires high pressures 200:1 (compr. wear)
— 25:1 with mixed gases (T > 70 K)

e Small orifice susceptible to clogging

W\MW@
M/\M—@-

£

® | ow efficiency below 90 K
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Inversion Curve

MAXIMUM INVERSION i
TEMPERATURE LmESES?H:Sg’?TANT Gas Max. Inversion

+>< \ Temperature (K)

D < : \ \\ Ammonia 1994

b | Carbon dioxide 1500

. .----_'__
/’\T\ Heating Methane 939
Coolingc Oxygen 761

el \ Argon 794
B/ /\ \ Nitrogen 621

INVERSION_ “\F Air 603

CURVE /——&\
J
/
r 4
/‘K

TEMPERATURE

/ ~ Neon 250
G \ Hydrogen 205

P \ Helium-4 40

H -..-.-__,.a \

PRESSURE Inversion.jpg
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Analysis of the JT Cycle

Minimum power input
(Reversible):

TOAE _________________________ : W = mAgo = mA(h —Tos)
4
Two-phase
boundary
« h
= A min
|_
o
=
L
// \ d & |Ser,'ﬁha|p Refrigeration power: QC :mAhmin
h I Esoa ; .
2 . Ideal cop: Q¢ _ Afmin

ENTROPY W Ago
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|deal Efficiency of JT Cycle

Pure Fluids
P, =0.1013 MPa = 1 atm
Gas P, (MPa) T, (K) | COPigeq n
%Carnot

N, 5 77 0.0296 8.5
N, 20 77 0.0682 19.6
Ar 5 87 0.0381 9.3
Ar 20 87 0.1014 24.7
O, 5 90 0.0404 9.4
O, 20 90 0.1074 25.0
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Miniature Joule-Thomson Cryostat

* Open cycle

EXHAUST EXHAUST
— Gas vents ELECTRICAL —», DEWAR
WIRING (= NS g FLASK
— Gas supply from 8 s
cylinder
T—INNER WALL
— Fast cooldown
OUTER WALL
OUTLET
NOZZLE~__ |
LIQUID
DIFFUSER i : COLLECTING
; il | CHAMBER
/’ ey 'I‘\~
FLOW EVACUATED S~
REGULATING \ ) ELECTRICAL
NEEDLE ELEMENTS
Hymatic Engineering Co. Ltd JT cryostat.jpg
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Miniature Joule-Thomson Cryocoolers

A
» Used for direct cooling of infrared sensors
* First direct coupling of cryocooler to device (late 1950s)

Air Products and APD Cryogenics miniaiurejt.cdr
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6/28/2015

Joule-Thomson Cryocooler

Carleton

(Open Cycle)

Sensor

/ Heat exchanger

Explosive valve

High pressure cylinder
(about 400 bar)
A\

Requires delivery of gas

* For cooling infrared sensors
from separate compressor

* Missile guidance
® 3 s cool down operit.cdr
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Types of Fixed JT Nozzles

MANDREL
N\, FINNED HEAT TRANSFER TUBE

A |

il

[ e

a) OPEN END
< £

b) FISHTAIL

c¢) FLATTENED TUBE
NOZZLE BOX

NOZZLE

T
d) WIRE INSER e) NOZZLE BOX AT

TUBE END

f) NOZZLE BOX
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Miniature JT Cryocoolers in Early 1980s

Etched glass heat exchangers

MMRJT2.jpg MMRJT1.jpg

* Open cycle

 Etched glass flow channels
 Laboratory experiments

* MMR

* N, gas from cylinders

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 92



Joule-Thomson Compressors

High pressure to about 15 MPa (150 bar) in three stages

Oil-lubricated; Hymatic (1960s) * Oil-free; RIX Microboost (modern)
* Y2 hp (370 W) input
* 1.4 SLPM (3.4% isothermal efficiency)
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Sorption Compressors

¢ PHYSISORPTION

Best with high boiling point gases
Microporous carbon (charcoal) works best
Uses heat source

e CHEMISORPTION

Good for oxygen and hydrogen
Reached 10 K in periodic mode (BETSCE)
Uses high temperature heat source

Icec18bw.cdr
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165 K Microscale JT Cooler

Ethylene Refrigerant

- Heat-sink Sorption

-- T environment Compressor
- Gas-gap heat switch
with pressure controller

Fig 5d.jpg

‘\w /

OO\
OO\

- Sorption compressor
cell with heater

10 cm long
-- Aftercooler

nun JosseJduroo

Fig 3b.jpg

- Check valve unit

Insulating vacuum MEMS

housing
Counterflow heat ValveS
exchanger 1 /
Condensor - Coaxial
(@)
TE-cooler X
Heat Sink z / G IaSS
o Q
«Q
Counterflow heat 4 Tube HX
exchanger 2 ID/OD:
J-T valve + cryostat 0.1/0.36
0.53/0.67
Refrigeration load S :
Fig9.jpgs  Courtesy: J. F. Burger, Univ. Twente
Fig 1.cdr 200 mW ICC11 (2000), pp. 551-560
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Sorption Microcryocooler (JT System)

Glass Heat Exchanger

Specs

* Gas: N, 36 umol/s
P, =80 bar

*P_ =6 bar
*T.=96 K

////// * Qnet = 10 MW
Pillars

- 28 mm—

AL e
-
Univ. of Twente 2.2 mm

Courtesy: Marcel Ter Brake (5/22/2006)
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Enthalpy of Mixed Refrigerants

Refrigeration power:QC =m(Ah;)

min

4

/

(AhT)min }
t
(AhT)min

Nitrogen-Propane

Nitro-propane.jpg
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Normal boiling points

6/28/2015

Mixed Refrigerants Comparison

—~~

Isothermal Enthalpy Difference

T |

> Ne N, Ar CH, Ethylene Ethane 1-Bufgne

10 | | | —
- | P,=1.6 MPa 0 .
: - N2 :
75%N,-25%1-Butene —
55%N2-35%C?-|4-1 5%1-Butene —{
0.1 cov v P v P P 1
0 50 100 150 200 250

Temperature (K)

CSA Short Course, Cryocoolers and Space Applications
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Comparison of Refrigerants in JT Cycle

P, =0.10 MPa=1bar; T.=75K, T,, = 240 K
Compressor at 300 K

Gas Py Py | (Ahp)nin | COPigeq N

(bar) | (MPa) | (kJ/mol) %Carnot
N, 50 5 0.468 | 0.0480 14.4
N, 25 2.5 0.232 | 0.0289 8.7
N, 16 1.6 0.146 | 0.0211 6.3
Mixture 16 1.6 1.576 0.228 68.4
7-comp
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Mixed-Refrigerant Cascade (MRC) Cycle

Use of Phase Separators

Natural gas
(Treated&dne@_,,,, lyyyy G yyyyyl AV
Wixed Termgerant o~ Nvwy VWA aEVWWWINIEVWAWES
! —vww%_ —«ww%_ r AW
é & — 4 Heat __| A Heat {4 Heal Heat
v J = exchanger 1 |=Z |exchanger 2 |=:) |exchanger 3 exchanger 4
T e 1
] Separator 1 Separator 2 Separator 3 Cyclesii cdr
Compressor
Often used for liguefaction of natural gas
100

Sometimes called Kleemenko Cycle

CSA Short Course, Cryocoolers and Space Applications
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High Purity Germanium y-Ray Detector

Courtesy: MMR

Ortec-MMR X-Cooler

» Kleemenko mixed-refrigerant cryocooler cammaray ortec-mmr xcooler-cropipg
*5W @ 80 K; 300 W input power
* >900 in field use (2006)

« >7 yr continuous operation

* 11.4 kg
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Mixed-Refrigerant Cryogenic Catheter

Early 1990s NIST/CryoGen/CryoCor Development
140K 235K 290 K

* 3.0 mm dia. catheter

e Heart arrhythmia
85 Kin air
e Distributed cooling

. HTS electronics » Micro heat exchanger

e 2.5 mm diameter
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DARPA Microcryocooler Program

« University of Colorado/NIST
— Cold head: (1) Glass capillaries, (2) Planar polyimide
— Refrigerant: Mixed; T, = 180 K, 10 mW
— Compressor: Miniature Stirling with valves; P, = 6:1

Warfer-level fabrication
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Efficiencies of Mixed-Refrigerant JT

Mixed-gas efficiency.jpg

Courtesy, H. Quack
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Brayton Cycle

ADVANTAGES

® Steady flow (low vibration, turbo-expander)
® | ong lifetime (gas bearings, turbo system)

‘~‘~:‘\\
g ? ® Transport cold long distance

® Good efficiency except in small sizes

S .« DISADVANTAGES

® Difficult to miniaturize
® Requires large heat exchanger
® Expensive to fabricate

O
s

Icec19c.cdr
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Brayton Cycle: Key Components

(courtesy: Mark Zagarola, Creare)
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Miniature Turboexpander

(Turboalternator)

Creare Mini-turbine.cdr

e Cryogenic alternator drive e Tilt-pad gas bearings
* 4000 rev/s 2 W @ 65 K, 100 W input
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NICMOS Brayton Cryocooler

* Hubble Space Telescope
* Creare

 March 2002 installation

* 8.0% of Carnot

NICMOS2.cdr

°*7.7W @70 K ® 315 W input
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Claude Cycle

W,
NN com pressor

Qo . T,
00 Aftercooler
Eé Eé HX1

Q<
.@ ‘ HX2

Expansion

engine =y

§ HX3
JT
valve\‘($> +

L

Claude Expansion Engine Q. T.| ~  |Evaporator
Air liquefaction (1902) 2.5 MPa sl o — il
G. Claude, Liquid Air, Oxygen, and Nitrogen (1913)
6/28/2015
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COMPRESSOR MAKE-UP
CHARGE

= ' Claude Cycle

AFTERCOOLER—-———*% ?;

3

comrerion [ 3 Collins Helium Liquefier
RECUPERATORS fé EE
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VWA
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EXPANSION ENGINE

|
[
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VWA
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JOULE-THOMSON
VALVE

SEPARATOR AND

LIQUID RESERVOIR Collins He liquefier-Adi1.jpg
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LIQUID PRODUCT Collins-claude.jpg
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Collins Helium Liquefier

He Tkp/brm :D
75 ke
— Pumpstitren
=
| = ——— T

Expander ;s )
tension rods

Expanders In )
He vapor vy

&1

Liquid He — |
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COMPRESSOR MAKE-UP
CHARGE

= ' Claude Cycle

——d

AFTERCOOLER——+

aaaand
~AAAAAAA

Modern Helium Liquefier
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RECUPERATORS
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Gas-Bearing Expansion Turbine

Speeds to 5400 Hz

Isentropic expansion
Efficiency 65 % in 1990s Often used as wet expander

75 % to 80 % today in place of JT valve
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Large Helium Liquefiers (Claude Cycle)

g E*"ﬁ_.-_..u%_ﬁl
g SEREIEA R mw ___ [Gaw
CERN 12 kW LHD 10 kW CERN 12 kW
Linde Nippon Sanso - Linde Air Liguide
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Helium Liquefaction Plant

Linde heliumplant.cdr

» HERA (DESY, Hamburg)
* 3x 10,600 W@ 4.2 K
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Recent Advances

Recuperative Systems

- JOULE-THOMSON (Low efficiency-low cost)
a. Mixed refrigerants
b. Sorption compressors

- BRAYTON/CLAUDE  (High efficiency-high cost)
a. Miniaturization
b. Wet expanders
c. Cold compressors
d. High effectiveness heat exchangers
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Outline

Session 1
* Information sources
e Definitions
 History

 Applications and problems

* Thermodynamics

» Cryocooler types and operating principles
« Joule-Thomson (JT) cryocoolers

e Brayton cryocoolers

» Claude systems
* Heat exchangers
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Heat Exchanger Thermal Loss

Qr " r.](AhT )min = Qnet xj th "'Qcond +QAP "‘Qrad

Heat exchanger ineffectiveness:

' | l
A=1l-g=- Qnx s
N(hy, — N Imin ok /
I
Maximum ineffectiveness: Tci (Ahy)..
th T Qr
A ;
i h( hTh)mln
( h — c)min
20, .
regenerative

ﬂ‘max T
(21 7) (N =0 )i
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Maximum Ineffectiveness

Examples: T. = 80 K, T,, = 300 K

Cycle | Gas B P, q, At
(MPa) (J/mol)
JT N, 0.1 25 145| 0.022
JT N, 0.1 150 744 0.115
JT MR 0.1 25 850| 0.070
Isoth. | He, Ne | 0.1 2 461 | 0.100
Regen. He 2.9 1.3 43| 0.030

CSA Short Course, Cryoco

olers and Space Applications
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Maximum Ineffectiveness (Helium)

Examples: T.=4.2 K

Cycle I 25 o of Amax
(K) (MPa) (J/mol)

JT 18 0.1 20 39.82| 0.129

JT 20 0.1 20 32.34| 0.092

JT 25 0.1 20 18.49| 0.041

Isoth. 20 0.1 20 51.17| 0.146

|soth. 18 0.1 4 9.17| 0.026

6/28/2015

CSA Short Course, Cryocoolers and Space Applications

122



6/28/2015

Outline

Session 2

* Regenerative cycles

« Stirling cryocoolers
 Gifford-McMahon cryocoolers
* 4 K regenerators

Pulse tube cryocoolers

Phasor analysis

Pulse tube cryocooler examples
Modeling and thermodynamics

« Comparisons

New research areas
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* Regenerative cycles
« Stirling cryocoolers
 Gifford-McMahon cryocoolers

* 4 K regenerators

 Pulse tube cryocoolers

* Phasor analysis

 Pulse tube cryocooler examples
* Modeling and thermodynamics
« Comparisons

* New research areas
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Regenerative Cryocoolers

(Oscillating Flow)

St i o1 GM-type

|

|

|
Reservoir i\

|

|

A S Qo

‘ r === rifice

1 Q ’T o

e Qn . Th -

‘ g : v ) :
S Pulse |
Displacer tube

Regenerator - "A 1 Hz or Q T T
20-60 Hz © """ | 30-60 Hz o SR b L

(a) Stirling (b) Pulse Tube (c) Gifford-McMahon
Stirling- or GM-type (GM)
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Outline
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* Regenerative cycles
« Stirling cryocoolers
 Gifford-McMahon cryocoolers

* 4 K regenerators

 Pulse tube cryocoolers

* Phasor analysis

 Pulse tube cryocooler examples
* Modeling and thermodynamics
« Comparisons

* New research areas
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Stirling Engine/Cooler

Screen
regenerator
Stirling Engine (1816)
Piston-displacer Kirk Ice Machine (1861)
Economizer (regenerator) Stirling Cooler

A.C. Kirk, Min. Proc. Istn. Civ. Engrs. 37, 244 (1874)
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Stirling Cryocooler

ADVANTAGES
® High efficiency
® Moderate cost
® Small size and weight
® Over 140,000 made to date

DISADVANTAGES

® Dry or no lubrication
® |ntrinsic vibration from displacer

® | ong lifetime expensive (3-10 yrs)

Icec21c.cdr

CSA Short Course, Cryocoolers and Space Applications 128



6/28/2015

Cryocooler Applications and

Operating Regions

-
o
(o))

Accelerators Air liquefaction

& Fusion
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ldeal Stirling Cycle

Expansion

g;::;gressli%%e{erator EXSI?S gcs;on
az 7 7
#%// 3 o= : . v
h , e } ompression S
% %/A: }Regenerative g
cooling o

\_U_

CTwiD

%% To %@

Displacement

7
X

Regenerative
heating

|

=
(@)

Temperature
_|
\,_\<\

Time

O O T 9
A

\ Entropy
Working fluid: Ideal gas (helium)

Stirling ideal 1 c.cdr
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Stirling Cryocooler

(Piston-Displacer Arrangement)

Wy Two Moving Parts W,y

Piston

to
QO ’TO TO QO ’TO

Displacer 5
Regenerat E
b
T Regenerator E
§
: \
ra T Qc Te i

i, Qc Te

External Regenerator Internal Regenerator

stirling3c.cdr
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Early Philips Stirling Air Liguefier

EXPANSION SPACE

FREEZER

i == v L iy L5 e e M "
Aol _.:_-: ok ‘,:'_‘;-‘_ﬂ-_-_,- BN S g
N 1]

\ oy

* First developed
In 1953

DISPLACER

REGENERATOR

COOLER
COMPRESSION SPACE

LIQUID AIR DELIVERY
PIPE

PISTON

Courtesy: G. Walker, Cryocoolers, Plenum (1983)
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Largest Stirling Cryocooler

Most Efficient Cryocooler

Philips Stirling Model C (1965)

20 kW at 70 K * 4 cylinder (25 Hz)
* 41 % Carnot *Hydraulically driven

A.A. Dros, “An industrial gas refrigerating machine with hydraulic drive,”
Philips technical review 26, (1965), pp. 297-308.
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Modern Stirling Air Liquefier

e 700 W @ 80 K

* 500 W @ 65 K

« 12 kW input

* 15% Carnot @ 80 K

StirLIN_1_compact.jpg
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Common-Module Integral Stirling Cooler

Stirling air com mod.jpg

Developed in

about 1966
About 1 W at 80 K

Courtesy: G. Walker, Cryocoolers, Plenum (1983) FLIRmodular-cooler.jpg
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Infrared Camcorder

With Stirling Microcooler

Inframetrics-02.jpg

«0.15W @ 80 K
« 3 W input power
Inframetrics/FLIR Systems Inframetric-01.jpg ° 14% Of CarnOt
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COMPRESSOR

PISTON

PISTON

6/28/2015

Integral vs Split

Configuration

* Displacer driven by
mechanical linkage

SPLIT-STIRLING
CYCLE

o » Displacer driven

REGENERATOR

PISTONY  prey ECRMERATO! neumatically b
ﬂ\\—\’i\guumﬂ_bﬂﬂ"- p At 4
AR\ oscillating pressure

END
PNEUMATIC SPRING VOLUME

Integral-split-stirling.jpg
Courtesy: Hughes Aircraft (W. Gully)
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Effect of Long Transfer Line

2.7 m

Courtesy: Hughes Aircraft (W. Gully) 105-line jpg
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Rotary vs. Linear Drive

(Comparison)
Rotary Reciprocating Linear Drive
Compressor Compressor
Gas transfer Compression Gas transfer
i 2 line
line \
Stator % Pist Spri Stator
Rotor §y  Piston pring
\Q S \Q % 1 Pl gy
& LSS LA A % Con:loedctmg \ SRR
v
aeeeee888 | #=  Crankshaft \\
N e v
Bearing Magnet Piston

e Side loads eliminated
e Bearings eliminated
@ mp inrot.cdr e Balanced by design
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First Linear Stirling Cryocooler

(1978)

Philips mc 80 Linear Stirling Cryocooler

Courtesy: G. Walker, Miniature Refrigerators for
Cryogenic Sensors and Cold Electronics (1989)

G. J. Haarhuis, “The mc 80 — a magnetically driven
Stirling refrigerator,” Cryogenics, vol. 18 (1978), pp. 656-658
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Types of Linear Motors

Courtesy: Hughes Aircraft (W. Gully) Linear motors.jpg
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Linear Compressor Vibration Damping

Twin approach.jpg

Courtesy: Hughes Aircraft (W. Gully)
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Linear Compressor Vibration Damping Il

Courtesy: Hughes Aircraft (W. Gully) Harmonic Balancer.jpg
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Stirling Cryocoolers (Linear Drive)
80 K

1.75 W
0.5 W

1.0W

GG S S A0D

0.25 W

DRS Infrared Technologies Stirlinglinl.cdr  TI—01.jpg
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Reliability of Stirling Cryocoolers

Reliability Growth

of Stirlin

. Linear Drive
| Rotary Integral
B Rotary Split

Mean Time To Failure, MTTF (hours)
S
o
o
|

1000 i
<

1970 1975 1980 1985 1990 1995 2000

Hughes/Raytheon data
2000 update: NIST Ye ar reliabilitylc.cdr 145
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Flexure-Bearing Linear Compressor

To cold head f

Clearance
gap
Piston Flexure bearing
Back iron
747
2 N Permanent
g magnet
7
/
. \.\\ Moving
Q coil
Stationary Flexing
rigid element
Position clamp
sensor
a Linear b  Spiral flexure
compressor Oxford3ca.cdr bearing
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Flexure-Bearing Stirling Cryocooler
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Protoflight Space Cryocooler (PSC)

e Flexure bearing Stiring 3 W @ 60 K, 87 W input
e 9.0% of Carnot @ 35K ¢1.2W @ 35K, 100 W input
Hughes/Ratheon () Raytheon e
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Commercial Flexure-Bearing

Stirling Coolers

O o S QD

Hymaticpic.jpg

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 149



Gas-Bearing Stirling Cryocooler

Cutaway View

Linear Motor

Balancer
Gas bearing
Piston
Aftercooler\
Cold _
tip Displacer flexure
DISpIace r/rege nerator sunpowerM87schem. cdr

Sun power web
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Gas-Bearing Stirling Cryocooler

e 75W@ 77K
* 150 W input

* 15% of Carnot
e 3-5yrlife

® Sunpower

sunpowerM87.jpg
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Outline

Session 2

* Regenerative cycles

e Stirling cryocoolers
 Gifford-McMahon cryocoolers
* 4 K regenerators

 Pulse tube cryocoolers

* Phasor analysis

 Pulse tube cryocooler examples
* Modeling and thermodynamics
« Comparisons

* New research areas
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Gifford-McMahon Cryocoolers

ADVANTAGES
® High reliability (1-3 yrs)
N ® Moderate cost

® Good service
® Over 20,000/yr made

DISADVANTAGES

® | arge and heavy
® Intrinsic vibration from displacer

® | ow efficiency

Icec28c.cdr
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Gifford-McMahon (GM) Cryocooler System

Valve and displacer
motor (EMI)

« Used for cryopumps

R g
300 K LG
AL “Poppet,

Rubbing|SE rotary valve
seals \ |[=| (3 yr life)
(1-3 yr life)

Cold head L] ..\ Lo

Moving displacer
(vibration)

» Used for MRI shield
cooling or zero bolloff
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GM Cryocooler Early History (1960)

Gifford-McMahon (GM) 1983 Cryopump with GM cryocooler
Cryocooler Invented 1960

15 K Condensing
80 K Condensing T2 Array
Array

15 K Charcoal
Bed /

* 1970s 2-stage GM
1l Wat26K
* CTl model 0120

Courtesy: CTI
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Efficiency of Pressure Oscillators

Electrical power

Wo

Ty

et N N Y

PV
e =85% (Electrical to PV)

(a) Valveless

compressor
(Stirling type)

6/28/2015 CSA Short Course, Cryoco

Electrical power
W
NN A€ (60 Hz)
_ e =50%
Qo+ To DC
Qil e =50%
AC (1-2 Hz)

PV {
Total € =25%

(b) Valved
compressor
(Gifford-McMahon type)

Csa6cb.cdr
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2-Stage Gifford-McMahon Cryocooler

Cold Head
e Stage

i,

1st Stage

. Low pressure

. High pressure Compressor

*—Electrical
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Range of Commercial GM Refrigerators

One-Stage Coolers
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Outline

Session 2

* Regenerative cycles

« Stirling cryocoolers
 Gifford-McMahon cryocoolers
* 4 K regenerators
 Pulse tube cryocoolers

* Phasor analysis

 Pulse tube cryocooler examples
* Modeling and thermodynamics
« Comparisons

* New research areas
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Volumetric Heat Capacity

Temperature (K) Heat Capacity03.(
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. ol Materials in
’ . Byl REGEN3.3

1.0
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o
i

Volumetric Heat Capacity (Jiem®K)

=
h

0.2

.0

Temperatura (K) REGEN heatcap1.cdr
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First 4 K GM Cryocooler Performance

Refrigerator Efficiency (%)

60 36 18 rpm
_ ErgNi Regenerator o a o

Pb Regenerator e o

1

From: Kuriyama et al. (1989)

/
/ Lu4°
/!

o
r'A
&7 )
. | / -
/
/7/ / /
/
__oZ-La ] o—i .’l ] L
4 5 6 7 8 9 10

2nd Stage Temperature (K)

Gifford McMahon.jpg
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Regenerator Materials

Sphere porosity = 0.38

Irregular particle porosity
> 0.50

 Er;Ni spheres developed by Toshiba in 1989
« Kuriyama, et al. reached 4.5 K in 1989
« Ushered in development of 4 K GM and PT cryocoolers
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GM Cryocoolers for MRl Magnets

Recondensing Chamber
Cryocooler Sleeve

Zero boil-off

Vacuum Vessel

4 K GM

Thermal Shield

Slide 06.tif

Figure 6. Schematic of the K4 zero-boil-off magnet and cryostat.
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Magnetic Resonance Imaging (MRI)

h
30,000

gnets

20,000

Number of SC MRI ma

10,000

! ! ! | | | | | | | | | |

0 l 1 >
1980 1990 2000 2010 2015
Year o .

Cumulative number of MRI
superconducting magnets sold

R supamagnetsl oo

« 1.5 T Superconducting magnets

l1Wat4K

« Non-magnetic regenerators

» >40,000 4 K GM cryocoolers since 1995 Tumor
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Outline
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* Regenerative cycles

« Stirling cryocoolers
 Gifford-McMahon cryocoolers
4 K regenerators

Pulse tube cryocoolers

Phasor analysis
Pulse tube cryocooler examples
Modeling and thermodynamics

« Comparisons

New research areas
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Pulse Tube Cryocoolers

ADVANTAGES
® High efficiency (15-20% Carnot at 80 K)
® No cold moving parts

S ? — Higher reliability

— Lower vibration and EMI

— Lower cost

“=m—T DISADVANTAGES
® Short history (OPTR since 1984)
® Gravity-induced convective instability
(cec23ch ca ® Lower limit to size for efficient pulse tube
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Early Pulse Tube Refrigerators

Basic Pulse Tube Orifice Pulse Tube
Refrigerator (1967) Refrigerator (GM type) (1983)
W
@ Mikulin, et al. (1983)

Qo’-lz)‘_ =H0 T / \ \ /
K

Regenerator Pulse  R€generator 105 Orifice

tube Pulse tube  (Internal)
—__ Requires irreversible heat

transfer between gas and tube

«— Q.. 124 K

Gifford and Longsworth
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NIST Orifice Pulse Tube Refrigerator

Stirling type 1985

Reservoir
volume

Piston W

% Orifice (external)

Al e

Pulse

tube \

«—Q. T,

9 60 K

One moving part

Regenerato




Comparison of Stirling and

Orifice Pulse Tube Refrigerators (OPTR)

Stirlin PTR We
3(0 g O i(o Reservoir

volume

P T Ty

Piston %//////////////% Piston W/Z

10)
1 Lr % Orifice
\ Qo e —>Qh Th
N

&\\ Displacer Gas plug

Qo b

Regenerato

N Regenerator -
P use
tube
L QC ’TC .
J <« Q.,T¢
y
Pt9c.cdr A)
Two moving parts One moving part (cec25ca.car

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 170



Comparison of Orifice

and Basic Pulse Tubes

Pulse tube orifice.jpg

ace Applications 171



Pulse Tube Geometry

Reslervoir
Reservoir Orificei
= volume S Reservoir |y oo (]
Orffice ] ﬂ tube
7 Warm I
Cold
Regenerator Pulse Regenerator
tube
Wam
Cold Piston W////A

) N
U-tube Coaxial _ = In-line
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Types of Pressure Osclllators

- i Qun Ty -
W, s > T
' T
— Qo To Qo To [l 4
05T LY
%é T,

(&) Valveless (b) Valved Q To _
compressor compressor o gl Qo To

(Stirling type) (Gifford-McMahon type) (c) TAD T T
ThermoAcoustic driver (d) TASHE

ThermoAcoustic Stirling
Heat Engine

Csa6c.cdr
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Pressure Oscillators (Stirling-Type)

CEIC 210 W 213 mm CFIC 500W 351 mm

8.5 ky 11.4 kg
W,
: CFIC
Qo . To % 20 kKW
954 mm
413 kg

www.cficinc.com
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Thermoacoustically Driven Orifice

Pulse Tube Refrigerator (TADOPTR)

Ty, =1000 K

Qi Th

Closely-spaced
plates

Qp To™

Regeneratorf::

6/28/2015

1990
Resenoir | Irreversible
volume | haat transfer
I
% Orifice
e T
3
Pulse T 3 4
tube = 4 N
1 2
2
el Blob Location \%

W,

No moving parts

CSA Short Course,

Csabc.cdr

Cryocoolers and Space Applications

(Standing Wave)
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NIST/LANL TADOPTR

Tadoptr.jpg
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First TADOPTR: NIST/LANL

Resonant tube

/

First cryocooler
with no moving
parts (1990)

‘// Stacks (Driver)

CSA Short Course, Cryoco

olers and Space Applications

OPTR

T in =90 K
of = 28 Hz
°[naudible

TADOPTROorig.jpg
177



TADOPTR Natural Gas Liquefier

° 2000 W at 120 K TADOPTR3C.jpg
* 600 L/day (150 gal/day) LNG
e Praxair/LANL/NIST
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TASHEOPTR

ok
ﬁ BURNER

E[ Praxair/LANL

\ (2000)

- RESONATOR
a Natural gas burner - 150 kW heat
== @ 700 °C
TASHE - 60 kW acoustic power
@ 50 °C
o) ¢

orTrs 3 OPTRs - 8 kW cooling power
@ -150 °C

Thermoacous tic Liquefiers.ppt
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Double Inlet Pulse Tube Refrigerator

lo .
Reservolir
_ P 7777777777777 Vel Zhu, Wu, and Chen,
Piston [ Xi’an Jiaotong Univ.,
VIS g
Cryogenics 30, 514 (1990)

Secondary % Primary
qrifice orifice

Single Double

Qo b —>Q, T, 173K— 132K
52 K— 43K
Regenerator Pulse
tube
<«—Q. T,

J Pt3c.car
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Pressure and Flow in Regenerative

Cryocoolers

Time domain
« Confusing with many curves
» Difficult to visualize algebra

- l_ I | L | L | L _I
-20 0 20 40 60
Pressure-flow curves.JNB Tlme (mS)
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Phasors and Sinusoids

eI Phasor
Frequency 1 F SRR
domain A VIE
Vi 3
§ Complex space
e 0 |
3 | Real
S tme i s W e e
domain s —tes T
Sinusoid
v(t) = Re{V} =V, cos(at + ¢)
)
 / t Phasors-general4.cdr
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Sinusoid to Phasor Transformation

Sinusoidal pressure and flow curves

: : Imaginary Frequency domain
Time domain RO
m, = mp€ P
Phasors
P > >
Real
I? = Plelwt
_;o | Cll | ' 2|0 | 4|0 | ;0 e iwplelwt
Pressure- flow curves JNB Time (ms) : P(t) — Re(P) = Plcos(ai)
v M P (t) = Re(P) = -P;sin(at)
 Confusing with many curves et Lo
* Difficult to visualize algebra « Phasors (t = 0, complex space)
* Math: differential equations - Amplitude and phase easily visualized

« Math: algebra, real and imaginary parts

184
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Phasor Analysis for Mass Conservation

Phasor analysis
Mass conservation

: -PoVep
RToo

Imaginary
axis

I
%

Comp.

Exp.

STIRLING
REFRIGERATOR

Acoustic Power Flow
W) =(PV) =3PV cose

= %RTEOrﬁ coso

o< Im| cosO

0. phase between P and flow

Regenerator Losses

o< |m|

Pha sor6b.cdr
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Phasor Analysis in Pulse Tube Cryocooler

ORIFICE PULSE TUBE i
REFRIGERATOR , [

Phasor analysis

- PgVep
RTco Large |m | leads to
large regenerator

losses.

Imaginary
axis
A

.<
A
_|
(@]
Pulse tube

e pllicaey
(T, /Te) My, P

Phasor7a.cadr

&4
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Phasor Analysis: Double Inlet

Phasor analysis

CSA Short Course, Cryocoolers and Space Applications

P T By,
RTeo 2RTeo i
A . Mo2 ‘o Reservoir
Im_aglnary 7/ volume
axis ;
m, PVig Secondary i Primary
RT arifice ’\ orifice
r
Qo' I o, .7
p Regenerator Pulse
¢ rﬁc tube
0 fA (Th/Tc) Moy
s I e—c .7
S PVt ‘) Pt3c.cdr
(Th/Tc) m 02
Phasor9.cdr (T h/TC) m ht
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Regenerator Losses

-60 -40 -20 0 20 40 60
PHASE ANGLE, m.- P, (degrees)  lec7e.car
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Inertance Effects

Conservation of momentum equation:

; %
P _fmm ofm) o)ifm
X 2r,pA2 Ot\Ag ) ox|pl A

pressure flow inertial momentum
gradient friction effect divergence

o\

Conservation of mass equation:

IR R
X Ag ot RT ompiliance efec

mass mass
divergence change
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Double Inlet and Inertance Tube

Reservoir
0 volume

Introduced in 1996

Piston W Inertance

tube
. Secondar
Introduced in 1990 Srmeate N arifice ;

QO ’-IE) < Qh ’Th

Regenerator Pulse

tube
% <_QC ’TC

o W,
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Transmission Line Model

Maximum Phase Shift of Inertance Tube
90 -

i f=60 Hz
70 - P,=2.5MPa
~ 60 £ T=300K Desired ¥alue
8 - V. =infinite A .
© 50 — e=1.0 nm ]
‘C-D’ : Adiabatic .
% 40 =
c - P =1.30 .
o 30 =
20 Adiabatic =
- — — —Isothermal 1

1 10 100
Acoustic Power (W)
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NIST Mini Pulse Tube

Experimental System

Reservoir

Inline geometry

Needle Valve

(orifice) *3.4W @ 80K
e 4 cc compressor

Pulse Tube

Regenerator
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Miniature Pulse Tube Cryocooler

for Space Applications

Inline geometry

0 100
mm

«0.5Wat80K
* 17 W Input power
» Space applications

6/28/20TRW CSA Short Course, Cryocoolers and Space Applications TRW minipt02.cdr 194



Mini Pulse Tube Cryocooler

for Space Applications

U-tube geometry

* 0.62 W at 80 K

* 20 W input power
» Space applications
1.3 kg
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High Efficiency Cooler (HEC)

(Pulse Tube)

Inline geometry

e /.3Wat 80 K

« 107 W comp. input power
* 19% Carnot @ 80 K

« Space applications

« 4.3 kg

TRW-HECO011.jpg
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Mars Oxygen Liguefier Prototype

*Transport of O, Sl

to Mars too heavy Cold tip Compressor
*Mars atmosphere

95% CO,

*CO, —» O, chemically
Liquefy gaseous O,
«2007 flight goal
*Funded by NASA

P 580 mm 3

Coaxial geometry
*NIST laboratory pulse tube liquefier
19W @ 90 K  <Used NIST modeling programs
*Uses flexure bearings and inertance tube
*Extremely efficient: 20% Carnot (PV power)

Ly MarsO2b.cdr
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U-tube geometry

1993

Originally 5 W @ 77 K/
Later 1I5W @ 77 K

Iwatani



Large GM-Type Pulse Tube Cryocooler

Large capacity low frequency coaxial pulse tube cold head (left)
Final integration on a 40 kVA HTS transformer demonstrator (right)

S g

Buffer volume / Rotary valve
Warm end \
Pulse tube cold finger
/ coaxial shape
Cold tip
Courtesy: T. Trollier /
Air Liquide
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Small Commercial Pulse Tube Cryocoolers

Stirling-Type

 Coaxial shaped pulse tubes commercially available (licence from CEA/SBT)

4W PT cooler
AW @ 80 K / 150 W input

1W PT cooler

: Courtesy: T. Trollier
1IW @ 80 K /60 W input Air Liquide
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Large Commercial Pulse Tube Cryocoolers

Stirling-Type

8W @77 K
250 W input
20W@ 77K
500 W input
1kW @ 77 K
21 kw inpUt www.cficinc.com
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Regenerator Losses vs. Cold Temperature

Regenerator loss.jpg

ace Applications 202
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Commercial 4 K Pulse Tube Cryocooler

Cryomech pt405

6/28/2015

CSA Short Course,

U-tube geometry
Parallel arrangement

0 5Wat4K

* 30 Wat65 K

* 5.5 KW input power

» 20,000 hr maintenance

* 1 Hz frequency (GM type)

Cryomechpt405.cdr
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Pulse Tube Helium Liquefier

12-18 liters per day of LHe Helium recondensing

Photos courtesy of Cryomech
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3SHe Pulse Tube Cryocooler

4.3 kW 2o 3He 1.3 kW
v

Compressors —_ X

\\

Rotary valves %

~ Record low temperature
_presevois W th gas regenerative cycles

]

Univ. of Giessen
2003

PT l 1400 L) I L) I L) I I I I L) I L) I L) I L) I L) I L)
p— 1200 | CP4000 + RW2 =
Reg. 1 Q=0W
LpT2
1000 A -
I\ il /,
800 S s S
~ 600 - T =26-29K , 4 -
——er e | N % ?
Reg. 2T 1 o 518 mW @ 4.2 K 3t L
400 with *He _A/ =
£ b 7 | Rw2 132w . T =255214K
AT 400mw @ 42K
e 2.2 K (*4He) ol S ]
oCU,; —— - 1 ] )
- Aoyt i RW2: 134KkW
1/ 13K (BHe) of o« | :
T sl ! ;
//////////////////////////////% e | E LN} 1 1 1 1 | | 1 1 1

12 16 20 24 28 32 3.6 40 44 48 52 56 6.0

Courtesy: G. Thummes, Univ. of Giessen T, (K)
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4 K Stirling-Type Pulse Tube

Compressor » Lockheed Martin development
3.8 K achieved

* Four stages

[ « 31 Hz drive frequency

« 300 W input power

a0

Four-stage L
.

7o
pulse tube 300 W input /

=

c B0

- v
" % jz 0.4% Carnpt HE“E\.'/

é 30 \ /L
C 2w )/

& /

//\H&el
0 / +

4.0 4.0 6.0 7.0
TEMPERATURE (k)

T. Nast, et al., Cryocoolers 14 (2007), pp. 33-40
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Regenerative Cryocooler Models

 ANALYTICAL MODELS

— Shows effect of various parameters
— Harmonic approximation
— Approximate results

« NUMERICAL MODELS (1-dimensional)

— Uses finite difference equations

— Oscillating boundary conditions

— REGENS3.3, Deltak, Sage

— Turbulence and jetting in pulse tube not modeled

- NUMERICAL MODELS (2 and 3 dimensions)

— Computational Fluid Dynamic (CFD) models
— Fluent
— Model pulse tube and transitions
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REGEN3.3 Model (NIST)

REGENERATOR NUMERICAL MODEL

- Finite difference model for energy, mass, and
momentum

— Sinusoidal mass flow
VARIABLE BOUNDARY CONDITIONS

MATERIALS

— Helium-4, helium-3, and ideal gas

— 30 matrix materials (can layer combinations)
5 GEOMETRIES

— Steady-state flow correlations (Kays and London)
Available free from NIST at: (http://www.cryogenics.nist.qov)
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Regenerator Optimization

(Use of REGEN3.3)

Regenerator Optimization

o 0.130 'L L L L O O O
B :
g 0125 |- L = 40 mm =
O — |
S oial :
g 0.120 - .
O - |
5 0115 F -
o - i
‘s - T,=80K; T,=300K .
= 0110 P,=25MPa; P,=1.3 -
S - f=60 Hz; ¢, = -30° .
= 0.105 #400 mesh SS screen ~
S - :
@) 0.100 L1 T T T N T T N T T O T Y O A B

0.03 004 005 006 007 008 009 0.10
Regenerator optimization-80K-1.JNB Ag / m c (m2_ s/ kg)

Independent of
cooling power
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Pulse Tube Cryocooler Analysis

Weo 7 5

s L
Q\

O llsothermal ¢ = Adiabatic Q,

— Instantaneous temperature
a \ Extreme temperatures

/

£l | ~ Average temperature

Temperature

~ Wall temperature

»
>

Position Pt25cb1.cdr




Average Pulse Tube Temperatures

Storch and Radebaugh,
Adv. Cry. Eng. 33 (1988)
pp. 851-859



Oscillating Flow Parameters

Enthalpy Entropy

Oscillating thermo-II.cdr



First and Second Law Analysis

for Oscillating Systems

; R Regenerator _Pulse tube Reservoir
Y I & & &
é ‘ ‘ _\ /_» Orifice
oG l
R0 Isothermal Qe Adiabatic ~ Q, Pt25ch2.cdr

1st Law for an open system: 2nd | aw for an open system:

Q=W +m(he—hi)+%(mu) _Ic—_ngS'ilrr :m(se—si)+%(ms)

For oscillating systems: For oscillatin?rsystems:

. 'S)=(1/7)| msat

¥ &t 1, -\ 0

<H> o T)jo it <m> =0 [<S> = (0 for adiabatic & rev.]

' o = (H)=0 forisothermal
6/28/2015For Ideal gas h CpT CSAWM 215




Heat and Energy Flows

_ | Regenerator  Pulse tube | Reservoir i
WCO _Z’ | |
— = ‘
é /_» Orifice

. I,
R

Qo sothermal] ¢ [ Adiabatic Qh S

Qo =Weo —(H), =To(S), Qo =(H)—(H), =Tc(S),
Qn=(H,

What happens to Q.? Where does it go?



Gibbs Free Energy and Acoustic Power

W

1

T =)
<S>e€ <S|rr> €<S>I

2nd Law:

)

8=l 18)

s>e]_T<s'm>

Acoustic power

1st Law: g
Q i +< > < > Equilibrium
W =[R), ~1(8) |-{H), -
[<H> e < >] = < > Gibbs free energy
Wrev :< > < > Reversible, isothermal

work at temperature T
= =0 For exit at ground state (mean P and T)

or PV power flow,

not actual power

W)

max

(6= PV

Potential to do reversible work
referred to ground state




Meaning of Gibbs Free Energy Flow

Regenerator Pulse tube

CL 7D,
S) % Wiev

T Q :T@Real work

v
&
A\

7

Potential to
do work Isothermal

Pt-Gibbs.cdr

Temperature at which
heat is applied (occurs

Other interchangeable terms; 'TWworkis actually extracted)

Acoustic power
PV power flow
Work flow

(PV)



General Thermodynamic Relation

V)= ()-T(s)

// / X \\
Potential Enthalpy Flow \ Entropy Flow
Maximum Power
(Acoustic Power) Isothermal Temperature

Gibbs Free Energy
Not actual power
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Aftercooler Hot Hx
Compressor v / '

4

Qrrifice

Pulse tube X

Qc Qn : : .
Weo <JP\'/> } <Ee Exergy flow <EX> = <H> Ty <S>

o e (PV)=(G)=(H)-T(S
-— ldeal OPTR

YQCO . ; ‘ ‘
S , | : ;
- | , 3 | Irreversible entropy generation

We "~~~ t === ~ atorifice
_>"1‘\ __________________________________ (Ep Exergy flow
+ REI ;
Real \\'\ E
System i il ; ________ l
L MR )o@\ :
0 == Y pip— i~~—— Real OPTR (losses)
lle cr =~ Qn |
l¢ co ' S \\ h _!
- I
| $ |

PULSETh.cdr



and <PV>

<H>

)

<S>

Aftercooler

Stirling Cryocooler

Energy Flows

<H> For adiabatic process

Compressor Regenerator
Weo
=
Yy
- 1 Qoo Qe
Weo! i i
+ ot - | L
.. <PV>
1 \ i
N i
\‘ i .
\‘ We
0 >
: X
I A
Qo I
' |
' |
| < |
| S |
' |
- S — e — — pulse3.cdr




|deal Pulse Tube COP

Aftercooler Cold Hx Hot Hx Reservoir

Vi(iompressor / Orifice COP & QC
&; Pulse tube @: WCO
+‘\W YQco h QC _TC <S>I'
W ST
System <H> ..... <H>/, | __E WCO :QO
N 2R
(S — n —
| PULSE1c.cdr
T.(S) T
COP = ST




ldeal Orifice Pulse Tube Efficiency

Coefficient of Performance, COP:

COPpt = QC = v
Wco TO
et Recovered expansion work
Stirling i
and COP; =
Carnot To—Te
For T, =300 K
=9 _To-Te T.: 75K 250K
Pt cor, T, et 76%  17%




P-V Diagram Swept by Virtual Piston

Aftercooler

Compressor

@)
Q
o
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R R M R R R e e P Ry

e

e e e e e e e e e

1 =

Regenerator

Pulse tube Reservoir
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1

°
« <« <+ <+ =
o < <— < =
+“«— € <“— < H
[
[ |
=
Work that could be recovered
2p—p3 i

real piston were in place

Pt28c.cdr

Vv
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Pulse Tube Effectiveness

Inside the pulse tube component we have
(PV)=(H)-T(S)
For real pulse tubes with losses

(S)<0  (Flow toward compressor)
Gross refrigeration power:

(Qc)+(H), =(H)=(PV)+T(S)
Pulse tube effectiveness (or figure of merit)

Ept = <§:|)_IV>> =1+ <PV>

225



Measured Pulse Tube Effectiveness

Rawlins, Radebaugh, Bradley, Timmerhaus, Adv. Cry. Eng. 39, 1449 (1994)

D, =10 mm

Pulse tube refrigerators.jpg
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Compressor Analysis

Force constant
Pressure
4 ey

Spring 3 4&,_% y |
constant M NN /IVI¢ P/ m
ﬂ _;/_,..

7

X C PO V/ // /:'-" compressor.cdr

Damping coefficient > s
- 0 X X = Xlela)t
. Ve = a)
al —kx — P4 A —cx = MX X = lwX,e
S s |t
ol =kx +PgA+CcX+MX Py =P —Py Mop Al
i i . | ot
allelgm = le + PdlAe“gP + |C0)X1 s Ma)le € COmponentS
cancel

Solve real and imaginary parts for I, and 4,



Linear Compressor Phasor Analysis

(Force Balance)

F, = al

Motor

fEies it Inertial
gA y Fi =mx
% Fq = cX
Wy = 3R, XIsin(gy) Bgmping
ST
Fm=Fs+Fp+ Ky +F Gas spring

Fs = kx
Spring

Phasor-compressor-1d.cdr

Impedance

Resonance:
6., = 90°
minimum | for fixed power

Impedance matched:
Compressor In resonance
with coldhead impedance

% Real



Compressor Characterization

e Parameters necessary for impedance matching
Maximum stroke amplitude (m): x,

Spring constant (N/m): k F. Natural freq.
Piston diameter (m): A = tD?/4 = 1 [k
Damping coefficient (kg/s): ¢ Fq fo = 5 ﬂ\/;
Moving mass (kg): M F.

: Need f > f, for resonance
e Other important parameters:

Motor force constant (N/A): |

Coll resistance (Q2): R I°R
Maximum current (A): 1., Heating limit
Motor inductance (H): L, \'A

Typical: 20 Hz < f; <40 Hz
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Cryocooler Efficiency Comparisons
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Low T Efficiency Comparisons

0.5=-1.0%

S
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Size and Weight Comparisons

Density = 0.8 kg/L Mass (kg) = 0.0204 x P, (W)
\
1000 £ <
A
x X
FiX
X
100 5+ a s General Rank
+* 7 +
. APT (LF)
5 GM
@ 10 9 JT Mixed gas)
£ < GM =
» d Turbo Brayton
A Stirling I
WFT(LF) (GM-type) PT (H F)
1 Y BPT{HT)  (Stirling-type) i I Stirling
AT Q throttle (Mixed gas JT) For fixed
A X Smitih et al. (55 codlers, '84) cooling power
4+ Daunt + Goree (21 coolers, '69)
0,1
1 10 100 1000 10000 100000

Pin (W)

From: H. J. M. ter Brake and G. F. M. Wiegerinck, Cryogenics, vol. 42, (2002) pp. 705-718
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Vibration Comparison

0.7 Ib (3.1 N)

About 10 um displacement

along z-axis
4 K PT405
30 Ib (133 N)
4 K Courtesy: Cryomech
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Ultra-Low Vibration System

For laser interferometer in Pulse tube :
o . cryocooler Valve unit To compressor
gravitational wave detection s
: Bellows O
From: Ikushima et al. 7777777770 T VarzzIT Outlet
Cryogenics 48 (2008) 406-412 =
SRR | A
Cryocooler ) ' :
support structure { ) Valve unit
S ity support
Flexible I
thermal straps BRI
Vibration (p-p) Sampl e//‘//::
Cryocooler: 8 um -
Sample: 0.2 um Radiation || .zzaafzzaaaa
- shield
(z axis) 0.02 pm |+ | Vacuum can
Cryostat support
structure 2 2

V//Air springs \7
Vibration damping-Il.cdr A /é
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Temperature Osclllation at Low Frequency

4 K GM Cryocooler (1 Hz)

Capillary tube (Stainless steel)

- \
Supply ling f [ —
i
S
<
i ,/Heturn ling !
Comp?lessor
uni F—
CSW-71A _]
0.6 W -
\<
@4 K o T
Cold head {RD-210L4)
Pot (coppar) = | ;’

Thermometer
({CGR)

Capillary tube
(Stainless stael)

JIllE

6/28/2015

“Heater
(Manganin)

Second Stage Temperature (K)

Temperature Fluctuation (peak-to—peak) (K)

46

3.8

0.0t

v T ) A o

2nd heat load . 0.6 W

high
§ pressure
average o pot

2nd temp.

no pot

L .

N

{1 Peak-peak AT

Without pot:
Peak-peak AT
=0.53 Ko 1/f

With pot:

0.5 1.0 1.5 20 25

Time {sec)

= 0.054 K

[ low pressure pot
a1

SN

T T 17
®
n t .
© pO.o' )
° [ ]
. .
o M

I:"-LLDCIE[:I .

DD% vacuum pot [®]
x
X X x
T AA
XN‘A A
A
A T
A X 4 £ a
x x

high pressure pot

]

Source:

R. Li, et al.,
Cryocoolers 9
pp. 765-771
(1997)

4 6 8 10 20

Second Stage Temperature (K)
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SQUID Noise With JT, PT, and LN, Cooling

From R. Hohmann et al., 1998 ASC, Vol. 9, p. 3688
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SQUID Noise in Cryocooled MEG System

(From T. Takeda, et al., Cryogenics 49 (2009) pp144-150)

Original commercial
liquid helium system

Final cryocooled system

o degradation

L
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New Research Areas

Higher temperatures (150 K to 200 K)

— Miniaturization (<2 W input power)

Higher frequencies

— Increase f > 100 Hz; smaller sizes

Warm displacers

CFD modeling of pulse tube and transitions

Large pulse tube cryocoolers
— Higher ¢; reduce temperature inhomogeneities

4 K cryocoolers
— Increase efficiencies above 1% of Carnot

Microcryocoolers (JT)
— Refrigeration powers of 1-50 mW at 80-150 K
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Miniature Coolers for 150 K (HOT FPA)

DRS micro-IDCA 4

I I I I I I I 400

DRS Technologies
Compressor Characteristics

w
I
|
w
o
o

Compressor Volume

30 mm

Compressor Mass (kg)
N
|

| ]

- N

o o

o o
Compressor Volume (cm?3)

MWIR camera (2 watts)

Compressor Mass
0 l L | l l ] | 0
0 10. 200 S0 40 50 2HbU 70 - 80
Cooler Maximum Input Power (W) DR comprssrs o

Flexure bearings

Photos and data courtesy:
Stirling cooler DRS Technologies
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Effect of Increased Frequency

T.=80K, T, = 300 K
» Forf: 60 Hz =—> 1000 Hz
P,: 2.5 MPa =) 7.0 MPa

D,: 55um m=m/=> 16 um
“*Swept volume decreases by 47x
“*Regenerator volume decreases by 39x
*COP 68% of COP for 60 Hz
% Reduced ¢, allows 6.7x smaller pulse tubes

*» Allows micro cryocoolers (MEMS)
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120 Hz Pulse Tube Cryocooler

* 49.9 K (no load)

*«3.35W @ 80 K

5.5 minutes to 80 K

* 13.4% Carnot @ 80 K (PV input)
* P, = 3.5 MPa; #635 mesh regenerator

325
300-
275 1" f=120 Hz

P, =3.5MPa 1
P, = 1.4 (aftercooler) .

DB~
L 2251
¢ 200
2 ]
3 1751
2 1504
£ 125
~ 100
i r

i St S | )
e i S e e R el [T AR Tl

25 & il = = P U T, I e il L= IR e T ey -
i 2 N L i f s 2T N L

Time, minutes
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150 Hz Miniature Pulse Tube Cryocooler

« NIST experimental work

— Garaway, Gan, Bradley, Veprik, Radebaugh, “Development of
a Miniature 150 Hz Pulse Tube Cryocooler,” Cryocoolers 15
(2009) pp 105-113

— Used Ricor K527 compressor, 5 MPa
— 97 K achieved

— Poor impedance match to K527
300

T i T T T T l T T T T l T T T T

= Commercial
250 o Stirling cryocooler (55 Hz)

200 -

150 |

Temperature (K)

50—Ii!!

6/28/2015

100 F

V., = 0.567 cm3

200
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Other High Frequency PT Work

» Northrop Grumman experimental work

— Petach, Waterman, Pruit, Tward, “High Frequency
Coaxial Pulse Tube Microcooler,” Cryocoolers 15,
2009, pp. 97-103.

—100Hz: 1.5W @ 80K, 144 Hz:1.35W @ 80K
— 10 W/W at 150 K; 4.0 W max cooling
— 0.65 cc compressor swept volume
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300 Hz Pulse Tube

(Thermoacoustically Driven)

Heating Ambient Resonator
block HX

SWTE

|

(«Tl‘m 1 Globe valve
AAT Lol afack Acoustic amplifier tube

butfer — Ambient HX
@ — Fegenerator

P T R Coldhead
Pulze tube Ambient end T: Thermometer
Inertance tube P: Prezsure Sensor
|( About 1.26m ’I
Ercang Luo

Courtesy:  Technical Institute of Physics and Chemistry
Chinese Academy of Science, Beijing
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300 Hz Pulse Tube: Performance
(Thermoacoustically Driven)

Typical operating conditions
P0=4.0MPa

f=295-300Hz
Pressure ratio=1.20-1.25
#635 mesh S.S. screen regen.

z | | ==rsoweomsrs Cooling Performance:

= 1000W,50cm AP ; |

g | |[—moowennies 1. Lowest no-load Tc: 68K;

2 3 o st o

=1 7 - 2. 1.2W@80K, 4.8W@120K

£ 2

s ] (Qh=1000W, Th=630°C)

O 14

| : Ercang Luo
0 7'0 8.0 9 100 110 12 Courtesy: Technical Institute of Physics and Chemistry

2 GChE Te /K Chinese Academy of Science, Beijing
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Work Recovery Mechanisms

Normally no recovery
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Integral Compressor and Displacer

Parallel arrangement

Linear Compressor

Perpendicular arrangement

Linear compressor (Top View)

/

Displacer

. \
[ ,,,,,Q,O: To / \ Piston

HIH || Pulse tube
Ak connection Regenerator
Pulse [:: Pt42.cdr Displacer ~ connection

tube ™

| Puisetube With backside area reduction

Regenerator | cold finger

Pt41a.cdr je QC . TC
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4-Stage Pulse Tube Cryocooler

for LTS Electronics

Developed by Lockheed Martin for Hypres LTS communication system

High-Pressure Low-Pressure
Compfessor
transfer line transfer line 2 LOCkheed Martin
* From CEC 2007
am bi_ent_heat - 40 mW a.t 45 K
relection *55Wat68 K

70K cooling load s N ] 70K stage 2 685 W inpUt _power .
* About 10 yr life (space-like)
* 30 Hz frequency

30K cooling load e . ] 30K stage ° He_3 (IOW P)’ He_4 (h| F))

10K cooling load m—— ] 10K stage

4.5K cooling load o ] 4 5K stage

From: CEC2007, Lockheed Martin
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Zhejiang Univ. 4 K Stirling-Type PT

Three stages
Helium-4

28 Hz

4.26 K
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Cryocooler Fundamentals Summary

- Regenerative cycles developed mostly in last 50 years

» Pulse tubes most studied of all cryocoolers since 1990

« Fluid dynamics inside pulse tubes needs further study

« Space applications led to many advances in cryocoolers
« Reduced cost important for application development

- Active research areas
— Joule-Thomson
— Miniature Brayton for space
— Stirling
— Pulse tube

6/28/2015 CSA Short Course, Cryocoolers and Space Applications 252



