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Cryo-coolers

Oscillating gas flow cryocoolers
• Stirling refrigerators

• Gifford-McMahon (GM) refrigerators

• Pulse-tube refrigerators

Constant gas flow cryocoolers
(next lecture)
• Joule-Thomson cooler

• Dilution refrigerators

Different types:



Stirling cycle and Stirling engines

Stirling cycle engine:
– invented in 1815
– 1950’s bid for auto industry
– Today: 2.5 kW generators

• Stirling cryocoolers: 1946 -
• Ideal efficiency = Carnot
– COP = Tc / (Th - Tc)

• Primary uses:
– tactical and security IR systems
– medical and remote- location cryogen plants

• Potential cooling for large scale HTS applications

• Commercial sources:
– Stirling (www.stirling.nl)
– Sunpower (www.sunpower.com)
– Stirling Technology Company(www.stirlingtech.com)



Stirling alpha engine https://en.wikipedia.org/wiki/Stirling_engine



Stirling beta engine

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

Power piston

Displacer 
piston



Stirling Coolers
The thermal contact with the 
surroundings at the 
temperatures Ta and TL is 
supposed to be perfect so 
that the compression and 
expansion are isothermal.
Constant volume: isochoric.

https://en.wikipedia.org/wiki/File:Schematic_Stirling_Cooler.jpg



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 TL. 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 TL 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.

Stirling Coolers







Modified Stirling cycle. The cold piston is replaced by a displacer.





Gifford-McMahon (GM)-coolers

Vland 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.







Usually the two valves are replaced by a rotating valve:



Stirling type single-orifice Pulse-Tube Refrigerator (PTR)

From left to right the system consists of a 
• 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 system is filled with helium at an average pressure of typically 
20 bar. .
Room temperature is TH.
The cooling power is generated at the low temperature TL.
The part in-between the heat exchangers X1 and X3 is below room 
temperature. 

Room T Room T

Usages:

• Directly liquefy helium gas and recondense boil-off 

in liquid cryostat

• Direct conductive cooling in dry cryostats (including

low vibration options)



Stirling-type, Orifice Pulse-Tube
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An idealized cycle
The piston moves the gas back and forth and generates a varying pressure in the system. 

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

2. c to d. 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. d to e. The piston moves to the 
left with the orifice is closed. The 
pressure drops.

4. e via f to a. 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.

x: fraction of gas in the pulse tube



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

enter

leave

enter

leave

The piston moves the gas back and forth and
generates a varying pressure in the system. The
pressure varies smoothly at f=1-50Hz
• There are no acoustic effects, such as travelling

pressure waves, or fast pressure changes (pulses).

• 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.

Gas elements inside the tube are compressed or
expanded adiabatically and reversibly, so their
entropy is constant. Compression leads to
heating and expansion to cooling.

Ga enters the tube at 
temperature TH  and 
leaves it at a higher 
temperature producing 
heating. 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 XL, and enters the 
tube when the pressure is high and 
temperature TL.  It returns to XL, when the 
pressure is low and the temperature is below 
TL. Hence producing cooling. 

X3XL

Gas enters  the tube  if 
pt < pB and leaves 
the  tube  if pt > pB . 
So the final pressure is 
larger than the initial 
pressure.



Thermodynamics of PTR’s
(a) At the hot end, gas flows from the buffer via the orifice into the
tube with a temperature TH if the pressure pt is below the
pressure in the buffer pB (pt < pB ).

If pt = pB the gas at the hot end comes to a halt.  
If pt > pB 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 pt < pB and leaves the  tube  
if pt > pB . 
So the final pressure is larger than the initial pressure.  
Consequently, the gas leaves the tube with a temperature higher than 
the initial  temperature TH .
(b) Heat is released via the heat exchanger X3 to the surroundings 
and the gas flows to the orifice at ambient temperature.

(c) 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 TL.  It returns to X, when the pressure is low and the 
temperature is below TL. 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.

X1 X X3



Regenerator: materials

GdAlO3

The thermodynamic and hydrodynamic properties of 
regenerators usually are extremely complicated. In many 
cases it is necessary to make simplifying assumptions. 
In its most extreme form in an ideal regenerator:

1. the heat capacity of the matrix is much larger than of 
the gas;

2. perfect heat contact between the gas and the matrix

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

4. Zero flow resistance of the matrix;

5. Zero axial thermal conductivity;

6. Zero void volume of the matrix is zero.

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.

Ideal PTR: dissipation only occurs in the orifice



PTR



Stirling-type PTR

GM-type PTR

compressor

Two-stage single-orifice PTR. It has 
a cooling power 𝑄̇௅ at 𝑇ଶ. The heat 
flow 𝑄̇ଵ and 𝑄̇ଶ are caused by heat 
conduction.



• The PTR has no moving parts in the low-temperature region, 
and, therefore, has a long lifetime and low mechanical and 
magnetic interferences. 
• Long mean time between maintenance 
• Minimal general maintenance
• Ideal for vibration sensitive applications 

• 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. 



PT 10
•12W @ 80K

PT 60
•60W @ 80K

PT 90
•90W @ 80K

PT 63 
•23W @ 40K

Standard 4K Cryomech Single-Stage Pulse Tube Cryorefrigerators
All models have remote-motor options available, Air or Water Cooled

PT 403
First Stage 7W @ 65K
Second Stage 0.25W @ 4.2K

PT 405
First Stage 25W @ 65K
Second Stage 0.5W @ 4.2K

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

PT 407 
First Stage 25W @ 55K
Second Stage 0.7W @ 4.2K



PT 405 
PT 405
First Stage 25W @ 65K
Second Stage 0.5W @ 4.2K









Sumitomo pulse-tubes

Specifications

RP-082B2SRP-082B2RP-062BSRP-062BCold Head Model

35 W @ 45 K45 W @ 45 K25 W @ 65 K30 W @ 65 K50 Hz
1st Stage 

Capacity
35 W @ 45 K45 W @ 45 K25 W @ 65 K30 W @ 65 K60 Hz

0.9 W @ 4.2 K1.0 W @ 4.2 K0.4 W @ 4.2 K0.5 W @ 4.2 K50 Hz2nd Stage 
Capacity

0.9 W @ 4.2 K1.0 W @ 4.2 K0.4 W @ 4.2 K0.5 W @ 4.2 K60 Hz

<3.0 K<3.0 K<3.0 K<3.0 KMinimum Temperature1

<90<80<100<10050 Hz
Cooldown Time

<90<80<90<9060 Hz

26.0 kg
(57.3 lbs.)

26.0 kg
(57.3 lbs.)

23.5 kg
(51.8 lbs.)

23.2 kg
(51.2 lbs.)Weight



Helium Reliquefiers





Homework (before next Tuesday): 

watch this youtube video to learn 
about superfluid helium:
John Allen's Movie about Superfluid 
Helium


