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What is a « cryo-cooler »

Cryocooler
From Wikipedia, the free encyclopedia

A Cryocooler is a standalone cooler, usually of
table-top size. It is used to cool some particular
application to cryogenic temperatures.

A recent review is given by Radebaugh.™

The present article deals with various types of
cryocoolers and is partly based on a paper by
de Waele.2

The name « cryocooler », however, is normally used to designate cyclic thermal
machines based on periodic flow of gases, operated in the refrigeration mode.



Laws of Thermodynamics




Open systems

Fig. 1 (Color online) General representation of a system that consists of a number of subsystems. The
interaction with the surroundings of the system can be in the form of exchange of heat and other forms of
energy, exchange of matter, and change of shape. The interactions between the subsystems are of a similar
nature and lead to entropy production. In this figure the Vk stand for d V) /dt



First law for open systems
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second law for open systems




Irreversible processes

* heat flow over a temperature difference
* mass flow over a pressure difference

e diffusion

* chemical reactions

* Joule heating

* friction between solid surfaces



Heat engines
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Refrigerators




Need external power!




Coefficient Of Performance (COP)
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Dissipated power




Different types of Cryo-coolers

Oscillating gas flow cryocoolers

* Stirling refrigerators
» Gifford-McMahon (GM) refrigerators

* Pulse-tube refrigerators

Constant gas flow cryocoolers

¢ Joule-Thomson cooler

e Dilution refrigerators (yes, some of them are

table-top...;-)



Joule-Thomson coolers

Invented by Carl von Linde and William Hampson, it is
sometimes named after them.

Basically it is a very simple type of cooler which is widely
applied as the (final stage) of liquefaction machines.

It can easily be miniaturized, but it is also used on a very
large scale in the liquefaction of natural gas.



Joule-Thomson: thermodynamics
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Ts-diagram of nitrogen with isobars, isenthalps, and the lines of coexistence. The
pressures are given in bar, the specific enthalpy in J/g.
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Stirling cycle
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Stirling cycle and Stirling engines
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Stirling alpha engine

https://en.wikipedia.org/wiki/Stirling_engine

1. Most of the working gas is in the hot cylinder and has more contact with the hot cylinder's walls. This results in overall 2. The system is atits maximum volume and the gas has more contact with the cold cylinder. This cools the gas, lowering

heating of the gas. Its pressure increases and the gas expands. Because the hot cylinder is atits maximumvolume and | its pressure. Because of flywheel momentum or other piston pairs on the same shaft, the hot cylinder begins an upstroke

the cold cylinder is atthe top of its stroke (minimum volume), the volume of the system is increased by expansion into the | reducing the volume of the system.

cold cylinder.

4 The system is atits minimum volume and the gas has greater contact with the hot cylinder. The volume of the system

3. Almost all the gas is now in the cold cylinder and cooling continues. This continues to reduce the pressure of the gas
increases by expansion of the hot cylinder.

and cause contraction. Because the hot cylinder is at minimum volume and the cold cylinder is at its maximum volume,

the volume of the system is further reduced by compression of the cold cylinder inwards.



Stirling beta engine

https://en.wikipedia.org/wiki/Stirling_engine
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1. Power piston (dark grey) has compressed the gas, the 2. The heated gas increases in pressure and pushes the | 3. The displacer piston now moves, shunting the gas tothe | 4. The cooled gas is now compressed by the flywheel

displacer piston (light grey) has moved so that most of the power piston to the farthest limit of the power stroke. cold end of the cylinder. momentum. This takes less energy, since its pressure
gas is adjacent to the hot heat exchanger. drops when itis cooled.

https://en.wikipedia.org/wiki/Stirling_engine



Stirling Coolers
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Stirling Coolers

1. From a to b. The warm piston moves to the right over a certain distance
while the position of the cold piston is fixed. The compression at the hot
end is isothermal by definition, so a certain amount of heat Qa is given off
to the surroundings at temperature Ta.

2. From b to c. Both pistons move to the right so that the volume between
the two pistons remains constant. The gas enters the regenerator at the left
with temperature Ta and leaves it at the right with temperature T,. During
this part of the cycle heat is given off by the gas to the regenerator
material. During this process the pressure drops and heat has to be
supplied to the compression and expansion spaces to keep the
temperatures constant.

3. From c to d. The cold piston moves to the right while the position of the
warm piston is fixed. The expansion is isothermal so heat QL is taken up
from the application.

4. From d to a. Both pistons move to the left so that the total volume
remains constant. The gas enters the regenerator at the right with
temperature T and leaves it at the left with Ta so heat is taken up from the
regenerator material. During this process the pressure increases and heat
has to be extracted from the compression and expansion spaces to keep
the temperatures constant. In the end of this step the state of the cooler is
the same as at the start.

® ® © 6 ®
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Fig. 9 Schematic diagram of a Stirling cooler. The system has one piston at ambient temperature 7 and

one piston at low temperature 71,. The upper half shows the entropy flows and the lower half the energy
flows



free-piston Stirling cooler
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Displacer-type Stirling coolers
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Modified Stirling cycle. The cold piston is replaced by a displacer.



PULSE-TUBE REFRIGERATORS
(PTRs)



Stirling type single-orifice PTR
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From left to right the system consists of a compressor with moving piston (piston), the after
cooler (X1), a regenerator, a low-temperature heat exchanger (X2), a tube (tube), a second
room-temperature heat exchanger (X3), an orifice (O), and a buffer.

The cooling power is generated at the low temperature T.. Room temperature is TH.

In this Section all flow resistances are neglected except from the orifice.

The system is filled with helium at an average pressure of typically 20 bar.

The part in-between the heat exchangers X1 and X3 is below room temperature.
It is contained in a vacuum chamber for thermal isolation.



Some remarks...

The piston moves the gas back and forth and generates a varying pressure in the
system. The pressure varies smoothly.

The operating frequency typically is 1 to 50 Hz.

Acoustic effects, such as travelling pressure waves, or fast pressure changes
(pulses), are absent.
The operation of PTR's has nothing to do with "pulses®... Wrong name!!!!

In the regenerator and in heat exchangers the gas is in good thermal contact with
its surroundings while in the tube the gas is thermally isolated.



Thermodynamics...

Gas elements inside the tube are compressed or expanded adiabatically and
reversibly, so their entropy is constant.

Using the expression for the molar entropy S _ of the gas

TdS,, = C,dT — Tay Vi, dp

with T the temperature, Cp the molar heat capacity at constant pressure, q,,

the volumetric thermal expansion coefficient given by 1 (81‘}11)
vy —
oT
P

S e
"/ m

V_ the molar volume, and p the pressure. From Eq.(1), with 8S_ =0, we see that the

temperature variation 8T is related to a pressure variation 6p according to

T V Vm
C

P

0T =

Op (Sn, constant)

Usually a,, > 0. This well-known fact means that compression leads to heating and

expansion to cooling. This fact is the basis for the operation of many types of coolers.



Temperature-position curves of two gas elements (one at the cold end and one at the hot end)

Left : a gas element enters the tube at temperature TLand leaves it at a lower temperature hence producing cooling.
Right : a gas element enters the tube at temperature TH and leaves it at a higher temperature producing heating.



At the hot end gas flows from the buffer via the orifice into the tube with a temperature T , if the
pressure p, is below the pressure in the buffer p, (p, <pg).

If p, = pg the gas at the hot end comes to a halt.
If p, > pg the gas moves to the hot end of the tube and through the heat exchanger X and the orifice
into the buffer.

So gas elements enters the tube if p, <p, and leaves the tube ifp, >p; .

So the final pressure is larger than the initial pressure.

Consequently the gas leaves the tube with a temperature higher than the initial temperature T , .
Heat is released via the heat exchanger X3 to the surroundings and the gas flows to the orifice at
ambient temperature.

At the cold end of the tube the gas leaves the cold heat exchanger X and enters the tube when the
pressure is high and temperature T, . It returns to X when the pressure is low and the temperature is
below T, . Hence producing cooling.

The analysis of the situation at the cold end is a bit more complicated due to the fact that the velocity
at the cold end is determined by the velocity of the gas at the hot end and by the elasticity of the gas
column in the tube. Still the situation is basically the same.



ldeal regenerators

The thermodynamic and hydrodynamic properties of regenerators usually are extremely complicated.
In many cases it is necessary to make simplifying assumptions.

The degree of idealization may differ from case to case.

In its most extreme form in an ideal regenerator:

1. the heat capacity of the matrix is much larger than of the gas;
2. the heat contact between the gas and the matrix is perfect;

3. the gas in the regenerator is an ideal gas;

4. the flow resistance of the matrix is zero;

5. the axial thermal conductivity is zero;

6. sometimes it is also assumed that the void volume of the matrix is zero.

Depending on the situation one or more assumptions may be dropped. Usually it is replaced by another
assumption with a less rigorous nature.

If conditions 1 and 2 are satisfied then the gas temperature at a certain point in the regenerator is constant.
If, in addition, condition 3 is satisfied as well then the average enthalpy flow in the regenerator is zero.

If conditions 2, 4,and 5 are satisfied there are no irreversible processes in the regenerator.



Regenerator: materials
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The figure illustrates the cooling process at the cold end in a somewhat idealized cycle.
The pressure in the tube is assumed to vary in four steps:

1. from avia b to c. The piston moves to the right with the orifice is closed. The pressure rises.

2. ctod. The orifice is opened so that gas flows from the tube to the buffer. At the same time the piston moves
to the right in such a way that the pressure in the tube remains constant.

3. dtoe. The piston moves to the left with the orifice is closed. The pressure drops.

4. eviaftoa. The orifice is opened so that gas flows from the buffer into the tube. At the same time the piston
moves to the left so that the pressure in the tube remains constant.



Now we follow a gas element that is inside the regenerator
at the start of the cycle (point (a)).

a to b: When the pressure rises the gas element moves to the L y oo / [
right but its temperature remains at the local temperature due to 4 ‘b \

the good heat contact with the regenerator material. Pl Sy
At point (b) our gas element leaves the regenerator and Xzand

enters the tube with the temperature T, of the heat exchanger t

X2. The pressure is pe.

b to c: Now the gas element is thermally isolated and its
temperature rises together with the pressure
while it moves to the right.

¢ to d: The gas element moves to the right. The pressure is constant so the temperature is
constant.

d to e: When the pressure drops the gas element moves to the left. As it is thermally isolated its
temperature drops to a value below T, since p_ <p,:

e to f : The gas element moves to the left. The pressure is constant so the temperature is constant.
At point (f) the gas element enters the heat exchanger X2. In passing X2 the gas extracts heat
(produces cooling) from X2. The gas element warms up to the temperature TL.

f to a: The gas element is inside the regenerator and moves with the local temperature back to its
original position.



Thermodynamics of PTR’s

entropy flows
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Ideal PTR: dissipation only occurs in the orifice



Thermodynamics of PTR’s
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Coefficient Of Performance (COP)
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PULSE-TUBE REFRIGERATORS: first machines

Pulse-tube refrigerators have their origin in an observation that W. E. Gifford made, while working
on the compressor in the late 1950°s. He noticed that a tube, which branched from the high-pressure
line and was closed by a valve, was hotter at the valve than at the branch.

He recognized that there was a heat pumping mechanism that resulted from pressure pulses in
the line. In 1963 Gifford together with his research assistant R. C. Longsworth introduced the Basic
Pulse-Tube Refrigerator (BPTR).

The BPTR has not so much in common with the modern PTRs. The cooling principle of the BPTR is
the surface heat pumping, which is based on the exchange of heat between the working gas and the
pulse tube walls.

The lowest temperature, reached by Gifford and Longsworth was 124 K with a single-stage PTR
and 79 K with a two-stage PTR.



The PTR has no moving parts in the low-temperature region, and, therefore, has a long
lifetime and low mechanical and magnetic interferences.

A typical average pressure in a PTR is 10 to 25 bar, and a typical pressure amplitude is
2 to 7 bar.

A piston compressor (in case of a Stirling type PTR) or a combination of a compressor
and a set of switching valves (GM type PTR) are used to create pressure oscillations in
a PTR.



The main breakthrough came in 1984, when Mikulin and his co-workers invented the Orifice Pulse Tube
Refrigerator (OPTR) [6]. A flow resistance, the orifice, was inserted at the warm end of the pulse tube to
allow some gas to pass to a large reservoir. With a single-stage configuration of the OPTR Mikulin achieved
a low temperature of 105 K, using air as the working gas.

Soon afterwards R.Radebaugh reached 60 K with a similar device, using helium [7]. For the first time since
the invention of the PTR its performance became comparable to the Stirling cooler.

In 1990 Zhu et al. connected the warm end of the pulse tube with the main gas inlet by a tube, containing a
second orifice [8]. Thus, a part of the gas could enter the pulse tube from the warm end, by-passing the
regenerator. Because of this effect such a configuration of the PTR was called the Double-Inlet Pulse-Tube
Refrigerator (DPTR).

In 1994 Y. Matsubara used this configuration to reach a temperature as low as 3.6 K with a three-stage PTR

[9].

In 1999 with a three stage DPTR a temperature of 1.78 K was reached at the Low Temperature Group of
Eindhoven University of Technology [10].

In 2003 the group of Prof. G. Thummes from Giessen University developed a double-circuit 3He/4He PTR
that achieved 1.27 K [11].

Adapted from: PhD Thesis

Low-temperature cryocooling / by Irina Tanaeva. -
Eindhoven : Technische Universiteit Eindhoven, 2004. —
ISBN 90-386-2005-5
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Low temperatures achieved by PT coolers
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Figure 2. 1. Two types of the PTR. (a} A Stirling-type PTR. From left to right 1t consists of a compressor
{com). an aftercooler (X,). a regenerator (reg). a cold heat exchanger (X.). a pulse tube {(tube). a hot heat
exchanger (X;3). an orifice (0;). and a buffer. Orifice Q: connects the hot end of the regenerator and the hot
end of the pulse tube. (b) A GM-type PTR. Except for the compressor - rotary valve (r.v.) combination, the
main components of the GM-type PTR are the same as of the Stirling PTR.
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Figure 2. 7. A schematic diagram of a two-stage single-orifice PTR. The PTR has a cooling power 'Q.I_ ata

temperature T The heat flows (J; and (7, are caused by the hear conduction.



Additional cooling power
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Additional cooling power
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See article below for complete characterization of the cooling
power as a function of the heat applied to all exchangers:

Experimental results on the free cooling power available on 4K pulse tube coolers
T. Prouvé, H. Godfrin, C. Gianése, S. Triqueneaux, A. Ravex
J. of Phys. : Conference Series 150, 012038 (2009).



ideal gas: Hp =0 "free" cooling power for precooling




Commercial pulse-tubes



Standard 4K Cryomech Single-Stage Pulse Tube

Cryorefrigerators
All models have remote-motor options available

PT 10 PT 60 PT 90
*12W @ 80K *60W @ 80K *90W @ 80K
*Air or Water Cooled *Air or Water Cooled *Air or Water Cooled
PT 63
*23W @ 40K

*Air or Water Cooled



Standard 4K Cryomech Two-Stage Pulse Tube

Cryorefrigerators

All models have remote-motor options available

PT 403

First Stage 7W @ 65K
Second Stage 0.25W @ 4.2K
Air or Water Cooled

[

|
‘
«

PT 405

First Stage 25W @ 65K
Second Stage 0.5W @ 4.2K
Air or Water Cooled

PT 407

First Stage 25W @ 55K
Second Stage 0.7W @ 4.2K
Air or Water Cooled

PT 415
First Stage 40W @ 45K
Second Stage 1.5W @ 4.2K



CRYOMECH
==

Cryorefrigerator Specification Sheet

Cold head

Cooling capacity @ 50 and 60 Hz:
2 stage and 1°' stage combined
Lowest temperature

Cool down time

Weight

Dimensions

Compresscr package

Water cooled:

Weight

Dimensions - L x\W x H

Electrical rating

Pawer consumption @ steady state
Cooling water flaw rate

Air cooled:

Weight

Dimensions - L x W x H

Electrical rating

Power consumption @ steady state

Flexible lines
Standard length
Weight per pair

System parameters
Helium pressure

Ambient temperature range

Maximum sound level
Water cooled
Air cooled

Shipping crate
‘Water cooled:

Weight

Dimensions - L x W x H
Air cooled:

Weight

Dimensions - L x W x H

PT405 with CP2850
PT405

0.5W @ 4.2K with 26W @ 65K
2.8K with no load
20 minutes to 4K

32 b (14.5 kg)
See cold head line drawing

CP2850, avsilable as water cr cooled

243 1b {110 kg)
19x 18 x 24.5in (48 x 46 x 62 cm)

200/230 or 440/480VAC, 3Ph, G0Hz // 200 or 380/415VAC, 3Ph, 50Hz

4.8 KW/ 5.4 KW

Minimum flow 2.3 GPM {9 LPM) @ B0F (27°C) maximum temperature

384 1b (174 kg)
23.5x 21 x 43 in (B0 x 54 x 109 cm)

200230 or 440/480VAC, 3Ph, 60Hz /! 200 or 380/415VAC, 3Ph, 50Hz

5.5 KW // 6.0 kKW

10 t (3 m)
5.21b (4.2 kg)

220+ 5PSIG (15.2 %+ .34 bar) @ 60 Hz
250 +5 PSIG (17.2 £ .34 bar) @ 50 Hz

45°F to 100¢F (7 to 38°C)
70 dBA @ 1 meter
74 dBA @ 1 meter

Wood box
455 b (206 kg)
48 x40 x 38 in (122 x 102 x 97 cm)

635lb (288 kg)
48 x40 x 59 in (122 x 102 x 150 cm)

113 Falso Drive, Syracuse, NY 13211 USA

315.455.2555 v 315.455.2544 ¢

cryosales @cryomech.com

www.uyomech,wm

PT 405
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PT405 Cryorefrigerator Capacity Curve
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Certified Parformance: OW < 2.8K
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113 Falso Crive, Syracuse, NY 13211 USA
cryosales@cryomech.com
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www.cryomech.com
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Features of Pulse Tube Cryorefrigerators

* Long mean time between maintenance

* Minimal general maintenance

* Ideal for vibration sensitive applications

* Directly liquefy helium gas and recondense boil-off in liquid cryostat

*Direct conductive cooling in dry cryostats (including low vibration options)



Liquid Helium Plants and Recovery Systems

Atmospheric Recovery Bag

Stores helium gas at 1 atmosphere pressure

LHe Extraction

HIGH PRESSURE RECOVERY

OPTIONS AVAILABLE From User

<= Cryostat

Helium ¢ =
Recovery |
Compressor* 1

“Medium pressure option shown.

1 Compresses helium from the 1 Gas Cylinders Liquid Helium

LD [y S e ) Plant (LHeP)
Atmospheric Recovery Bag Specifications s Aut%matlc
Based on standard 300 ft’ specifications: pun-ﬁ: l,;':,l,ul,s rm 99.999%
or greater purity )

300 85 6.0 6.0 95 96

LN2-BASED
HELIUM PURIFIER AVAILABLE

Liquefaction rates from 6-60 liters per day



Helium Reliquefiers




Sumitomo pulse-tubes

Specifications
Cold Head Model RP-062B RP-062BS RP-082B2 | RP-082B2S
50 Hz 30W@65K | 25W@65K | 45W@45K | 35W @ 45 K
15t Stage
Capacity
60 Hz 30W@65K | 25W@65K | 45W@45K | 35W @ 45 K
2 Stage 50 Hz 05W@42K|04W@42K|1.0W@42K|09W@ 42K
Capacity
60 Hz 05W@42K|04W@42K|1.0W@4.2K|09W@4.2K
Minimum Temperature' <3.0K <3.0K <3.0K <3.0K
50 Hz <100 <100 <80 <90
Cooldown
Time 60 Hz <90 <90 <80 <90
. 23.2 kg 235 kg 26.0 kg 26.0 kg
Weight (51.2 Ibs.) (51.8 Ibs.) (5731bs) | (57.3Ibs.)




RP-062B 4K Pulse Tube Cryocooler Series

Cryogenics Group = | &
!-ﬂ' ]
s MO
SRP-062B Pulse Tube Capacity Map (50 Hz) Hal’ 5
4.5 30
= o.5w | | i‘ a”
= :
5 4.0 ]
S 3528 | | |
£ [S3dv 1w 20W
o T 30W
® 20 |53
g _ |77
b 2.5 | ,_
2 | p— 'fW ‘ ‘ 2r(d Stage
N o5 Héat Load
30 35 40 45 50 55 60 65

1st Stage Temperature [K]

http://www.shicryogenics.com/products/pulse-tube-cryocoolers/rp-062b-4k-pulse-tube-cryocooler-series/



Other
manufacturers

Advanced Research Systems (ARS)
http://www.arscryo.com

Thales Cryogenics
http://www.thales-cryogenics.com

204

1939




Gifford-McMahon (GM)-coolers

Py Vv, K

LTI

LCCCED

pl V, >k

Schematic diagram of a GM-cooler. Viand Vhare buffer volumes of the compressor.

The two valves alternatingly connect the cooler to the high- and the low-pressure
side of the compressor.

Usually the two valves are replaced by a rotating valve.



In reality rotary valves are used



Gifford-McMahon (GM)-coolers
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the best cryocoolers
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The invisible cooler:

- no cost

- N0 maintenance

- NO nhoise

- no vibrations

- no EM interference
- No space

- no weight

- no water, ice, ..

- N0 vacuum pump, cooling water,...
- no.... alternative




