
PHY524 Cryogenics-4
Liquefication, Helium & Dilution Refrigerator

11/18/2025

Material adopted from lectures by Henri Godfrin, Grenoble



Various Cooling Methods



Cooling down



Cooling by evaporation



Phase diagram

Regions and points of interest 
in Cryogenics.
• Critical point (Tc, pc, vc)
• Phase co-existence
• Normal boiling point (NBP)
• Triple point (TP)
• Subcooled liquid
• Supercritical gas
• Solid state

Constant Temp slices
(isotherm)

Phase diagram is a 3D map of the Equation of State for an element or compound.

Isobar @ 1 atm



Oscillating ‘gas’ flow cryocoolers

Stirling, GM & PTR all use 
cycles involving the ‘gas’ 
phase only.



Cryogenic fluids (nitrogen, hydrogen, helium, etc…)

A cryogenic fluid at 
atmospheric pressure 
is always boiling



Properties of Cryogenic Liquids

Timmerhaus and Flynn, Cryogenic Process Engineering



State Properties Summary (T-S Diagram)
Enthalpy, h, is a useful thermodynamic property for 
quantifying heat content of a fluid.

 

• isenthalpic process is one where a system's 
enthalpy remains constant (Δh = 0). This 
typically occurs in throttling processes, such as 
a fluid passing through a valve or porous plug, 
where there is no significant change in enthalpy 
despite changes in pressure and sometimes 
temperature. 

• isentropic process involves constant entropy 
(ΔS = 0). It is often mistaken for being adiabatic, 
though it may or may not be.

• Isobaric process: constant pressure
 

superheated 
vapor

liquid-vapor region

Liquid has less 
entropy than gas



Joule-Thomson (JT) cooler

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

Tt 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.
 
At the liquid side a fraction x of the compressed gas is 
removed as liquid. 

At room temperature it is supplied, so that the system 
is in the steady state. 

(case of a nitrogen liquefier)

Schematic diagram of a JT liquefier.
The symbols a…f refer to points in the S-T diagram.



Joule-Thompson (JT) refrigeration

Ts-diagram of nitrogen with isobars, isenthalps, and the lines of coexistence. 
The pressures are given in bar, the specific enthalpy in J/g.



Ts-diagram of nitrogen with isobars at 1 
and 200 bar, the coexistence line and the 
isenthalp of the JT-expansion indicated.



A fourth state in He: He II



Helium
No solidification at low pressures.

Solid increase P at low temperatures 
(T< 1K; P> 25bar)

No triple point!

Cryostats operate at point 2 to avoid boiling



T-S Diagram for Helium



Production of Helium-3



Availability and economics of Helium-3



Liquid Helium and Isotopes



Helium Phase Diagram



Helium vapor pressure



Phase diagram of helium mixtures

By Mets501 - Own work, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=25250292

Diluting 3He into 4He depresses the superfluid transition temperature.
Superfluid transition disappears completely for x > 67.5%

• As a mixture with x> 6.6% is cooled, it will separate into 2 
phases.

• One phase (the “concentrated phase”) will approach x=100%, 
the other (the “dilute phase”) will approach x= 6.6% @ 0 K.

This finite solubility and phase separation is key to the dilution 
refrigerator process
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