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The heat exchangers are 

balanced.

Only little 

energy has to 

be extracted 

from helium 

vapour to 

condense it.
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Refrigerator

But it is to be 

done at low 

temperature.

Operation in a pure isothermal refrigeration regime is expressed by the power that is 

absorbed at the operating temperature. Example : 100 W at 4.5 K
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PURE LIQUEFACTION

OPERATING MODES (2)

The heat exchangers are 

unbalanced.

A big amount of 

energy is to be 

extracted from 

helium at all  

temperatures 

between 300 and 

4.4 K to cool it.
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Liquefier

And, finally, little 

energy has to 

be extracted 

from helium 

vapour to 

condense it.

Operation in a pure liquefaction regime is expressed by the liquid helium quantity that is 

liquefied within one unit of time. Example : 3 (g/s) or ~90 L/h.
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LHe

4,5 K

300 K

CURRENT

GENERATOR 
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HOW TO FEED ELECTRICALLY A 

SUPERCONDUCTING COIL?

High current (tens of kilo Amps)

The conductor must have a good electrical

conductivity and a large cross section.

But, consequently, it has a good thermal 

conductivity !

Therefore, a high heat in leak between 

300 and 4 K.

Solution : heat that is generated by Joule 

effect into the conductor  is transferred to 

cold helium circulating from cold to warm 

end.

Refrigeration duty

Liquefaction 

duty
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GHe

1.2 bar

LHe

1.2 bar

MIXED OPERATION

OPERATING MODES (3)

Operation in a mixed regime is expressed by the cryogenic power that is absorbed at the 

operating temperature and the liquid helium quantity that is liquefied within one unit of time. 

Example : 300 W at 4.5 K + 3 g/s
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CALCULATION OF THE

CARNOT POWER 

ẆCarnot =
Tw Tc

Tc

-

FOR AN ISOTHERMAL 

OPERATION

Examples :

300

4.2
- 1 = 70.43 W

(Vaporization of a liquid : 

constant temperature)

Tw
1

Tc

-=

Roughly inversely 

proportional to the 

temperature ratio

Carnot power, to get 1 W at 4.2 K

ẆCarnot = ṁ x [(Tw x Δs) – Δh]

FOR A NON-ISOTHERMAL 

OPERATION

(Heating or cooling a gas : 

temperature changes)

Carnot power to liquefy 1 g/s of helium

ẆCarnot = 1 x [300 x (31.612 - 3.56) –

(1573.51 - 9.94)] = 6852 W
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Temperature (K)

2.75 W at  80 K14 W at 20 K

70 W at 4.2 K

166 W at 1.8 K

6852 / 70 = ~100

Theoretical equivalence liquefaction/refrigeration

1 g/s about 100 W

To be used ONLY for SMALL moves from 
refrigeration to liquefaction load or conversely !
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FREE EXPANSION

P1

T1

P2

T2

ṁ

A SIMPLE EXAMPLE

1

2

ṁ x h1 - ṁ x h2 = 0

P1 T1 h1and

P2 h2 T2and

Balance :

h2 = h1

+ REFPROP

+ REFPROP

?

15.0 bar 300.00 K 1567,89  J/g

1.0 bar 300.88 K1567.89  J/g

Because the system 

is in a steady state !Assumption : gas velocity is negligeable

h2 = h1

ṁ

10.0 g/s

3

.

.



CRYOGUY

Guy GISTAU 10

0

-1

-2

-3

-4

1

2

50 100 150 200 250 300

T
e

m
p

e
ra

tu
re

 d
if
fe

re
n
c
e
 (

K
)

Inlet temperature (K)

JOULE THOMSON EXPANSION

OF HELIUM

20 bar
15 bar

10 bar
5 bar

Temperature difference obtained by expansion of helium gas  through a valve, 

from various pressures down to 1.0 bar, depending on the inlet temperature.

Inversion 

temperature:

around

40 K

25 bar 25 bar
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Temperature difference obtained by expansion of various gases through a valve, 

from 20 bar to 1 bar, depending on the inlet temperature.

JOULE THOMSON EXPANSION

OF VARIOUS GASES

helium

hydrogen

nitrogen
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THE ISENTHALPIC EXPANSION

20.00 K

20.00 bar

1.00 bar

18.46 K only…

Why not use the 

cold expanded 

helium 

to "pre-cool"

high pressure 

helium before 

expansion?
Liquefaction of helium 

is not possible by 

only simple expansion 

when starting from 20 K.

20 K

20 bar

1 bar

18.46 K

18.46 K

16.66 K

This is a 

Joule-Thomson

cycle!

18.46 K 16.66 K16.66 K

14.50 K

Un peu plus de cinématique
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COMPRESSION, ON THE T-s DIAGRAMME

1iso

T

S

LP
HP

6
6

1

1

CYCLE COMPRESSOR

2

COOLER

2

This path is 

indicative only !

LHR
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Q̇ L He

4

4.41 K

Q̇

THE JOULE THOMSON CYCLE

Flow diagram

T

S

Temperature-Entropy diagram

HP LP

expansion

valve

33

2

2 4.61 K 4

cycle heat 

exchanger

10.00 K 9.10 K
51

51

9.10 K10.00 K

4.41 K

4.61 K

LHR
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Balance :

= (ṁ x h2) - (ṁ x h1)

=  ṁ x (h2 - h1)

(ṁ x h1)

1

Refrigerator

Power IN Power OUT

THE JOULE THOMSON CYCLE

ṁ

=  0

2

- (ṁ x h2)

Because the system is
in a steady state !

E
N

E
R

G
Y

 F
L

O
W

The Joule Thomson cycle is kind of a ‟power belt‟ circulating 

energy from any place to the warm end.

ṁ =
h2 - h1

Q
.

Q
.

Q
.Q

.

Q
.

+ Q
.
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THE JOULE THOMSON CYCLE

"Refrigerator"
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A REFRIGERATION CYCLE

• 1 Compression,

• 2 Cooling by Heat Exchange,

• 3 Expansion,

• 4 Warming-up by Heat Exchange.

4 STEPS

HEATS the warm source

COOLS the cold source
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1,2 bar

JOULE THOMSON EXPANSION

THE FIRST DROP OF LIQUID HELIUM

1.20 bar

To get liquid helium by

isenthalpic expansion,

the temperature 

upstream

expansion must be 

lower than

7.7 K !

The first LHe  

drop appears 

HERE !
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Also said :

« with external work »
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This path is 

indicative only !

Isentropic 

effectiveness :

his - hin

is =
hout - hin

LHR
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Pin Tin

1,2 bar

Δ
T 𝛈 = 1

VARIOUS EXPANSIONS

Let’s compare various ways of expanding helium :

Through a valve (isenthalpic 

expansion)

Through an expander 

(expansion with external 

work or isentropic 

expansion)

Isentropic effectiveness :
his - hin

is =
hout - hin
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THE ISENTROPIC EXPANSION

OF HELIUM

300 K

1500 bar

1

16.5 K

Why not use 

the cold 

expanded 

helium 

to "pre-cool "

helium before 

expansion?

Liquefaction of helium 

is not possible by 

simple isentropic 

expansion only.

300 K

20 bar

1 bar

97 K

This is a 

Brayton

cycle!

1 bar
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THE BRAYTON CYCLE

T-s DIAGRAM FLOW DIAGRAM

3

24 K

s

4

16 K

HP LP

T

62

297 K300 K

5
20 K

Cycle heat

exchanger

3
Expansion

engine

4

6

Cycle 

compressor

Helium

cooler

2

5

Heat 

exchanger 

Room 

temperature !

LHR
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THE BRAYTON CYCLE

300 K

193 K

300 K 300 K

199 K 199 K134 K93 K66 K48 K37 K

128 K86 K60 K42 K31 K

134 K93 K66 K48 K37 K

299 K298 K297 K

13 bar2,6 bar

24 K

29 K

300 K

300 K

COOLING DOWN 

KINEMATICS 
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2 6

THE BRAYTON CYCLE

Ẇexp
Q̇

"Refrigeration"

Balance :

(ṁ x h2) - Ẇexp + Q̇ - (ṁ x h6) = 0 

Turbine :

Energy OUT

Warm end + W :

Energy IN

Q̇ + ṁ x (h2 - h6) = Ẇexp
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THE BRAYTON CYCLE
"Refrigeration"
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Q̇

2 6

cycle compressor

cooler

expansion

valve
4

cycle heat

exchanger

3

5

L N2

The Joule Thomson and the Brayton cycles are the fundamental 

bricks of any liquefaction or refrigeration cycle !

300 K

cycle heat

exchanger

3

expansion

engine

4

6

cycle compressor

helium

cooler

2

5

hydrogen or

deuterium

heat exchanger

Q̇

The Joule Thomson cycle The Brayton cycle

T < 20 K
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THE CLAUDE CYCLE 1 turbine

LHeQ̇

JOULE

THOMSONBRAYTON

T 

CLAUDE
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CLAUDE CYCLES

LHR

T

T

s

Q
.

Q
. LHe

T

LN2

J
T

B
ra

y
to

n

T

s

T

Q
.

Q
. LHe

J
T

B
ra

y
to

n

LN2

T

s

T

Q
.

Q
. LHe

J
T

B
ra

y
to

n
B

ra
y
to

n

T

LHe

T

s

Q
.

Q
.

T

J
T

B
ra

y
to

n
B

ra
y
to

n

CLAUDE

1 T

CLAUDE

1 T + LN2

CLAUDE
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Turbines in parallel or in series ?

LHe

E 1

E 2

E 3

E 4

E 5

T 1

T 2

Q̇

Turbines in a 

series arrangement 

are submitted to a 

lower expansion 

ratio, therefore, 

their effectiveness 

is higher.

T 1

E 1

E 2

T 2

LHeQ̇

E 3

E 4

E 5 Remark : the pressure 

between the turbines 

stabilises at a value that 

allows the same mass flow 

rate to be processed by 

both turbines.
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EQUIVALENT POWER OF A REFRIGERATOR

A LEP refrigerator provides :

• 10000 W at 4.5 K

• 13 g/s of LHe at 1.3 b (4.5 K)

• 6700 W between 55 and 75 K

Is there a way to compare this refrigerator 

to another one ?

We can compare the entropic equivalent powers.

“Equivalent power" 

file:///C:/Users/Guy/Documents/Transfert du 13072010/Formation/SCHOOL MASTERS/02 HR master standards/0604 Equivalent power.xls
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Inputs in bold red

ẆCarnot = ṁ x [(Tw x Δs) – Δh]

ẆCarnot =
Tw

1
Tc

-

Specific power (W/W)
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EVALUATION OF THE PERFORMANCE 

OF A REFRIGERATOR

Example : the LEP refrigerators
(the equivalent power at 4.5 K is 12 kW)

Ideal power (Carnot) 768000 W

Actual power absorbed by the 

compressors
2665000 W

Actual power absorbed 

by the compressors

Ideal power (Carnot) 768000

2665000
= 0.29

LHR LHe

=Efficiency (compared to Carnot) =

Coefficient of performance (COP) =

Actual power absorbed 

by the compressors

Equivalent power 12000

2665000
= 222 W/W=
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Cryogenic power (W)

10-1 100 101 104103102 106105
10-1

100

101

102

1.8 - 9 K

10 - 30 K

30 - 90 K

STROBRIDGE’S DIAGRAMME

THE YIELD OF A REFRIGERATOR 

DEPENDS ONLY ON THE 

CRYOGENIC POWER,

NOT ON THE TEMPERATURE !

%
 C

a
rn

o
t 
p

o
w

e
r

CERN LEP

Example :

A 100 W at 4,5 K 

refrigerator absorbs 

65.66 kW.

Carnot power at 4,5 K is : 

65.66 W/W.

% Carnot is :

65.66*100/ 65660 = 0,1

LHR LHe
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HX 11

LN2 HX 12

80 K

SEPARATE NITROGEN 

HEAT EXCHANGER  ARRANGEMENT

In HX 11, the gaseous 

nitrogen flow balances 

the liquefied helium 

flow. 

In HX1, the high 

pressure and low

pressure  flows are 

balanced.

HX 1

HX 2

300 K

A possibility to add a liquid nitrogen

pre-cooling capability to an existing

liquefier.

In a refrigerator mode, no risk of 

solidifying nitrogen in case of

an important low pressure flow.

LHR LHe
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CIRCULATING IN SHIELDS (5)

T 1

HX 1

HX 2

T 2

HX 3

HX 4

The optimal solution !
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HIGH POWER REFRIGERATION



CRYOGUY

Guy GISTAU 43

GENERAL RULES (1)

Please Mr CARNOT : have a big number of cooling stages

Expand all the available mass flow rate down to the 

lowest possible pressure.

Have the smallest but reasonable

temperature differences in the heat exchangers.

Operate each machine at its highest effectiveness (if possible).

But, combine operating conditions of the various machines 

in order to reach the highest global refrigerator yield.

THERMODYNAMICS

After what we have learned about basic refrigeration cycles, 

how to design an efficient cycle for a high power?
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GENERAL RULES (2)

Fight against any pressure drop:

• In the refrigerator and distribution cold circuits,

• In the refrigerator and distribution thermal shield circuits.

This is the “refrigerator guy” duty.

But the “refrigerator guy” has also to have an eye on the 

“customer” circuits in order to be sure that their sizing 

will result in acceptable pressure drops.

COMMON SENSE

(Even worse if a cryogenic circulator is used)
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THE “JT” EXPANSION

HX 1

HX 2T 1

HX 3

HX 4T 2

HX 5

LHe Qu

Q +

Q +

HX 1

HX 2T 1

HX 3

HX 4T 2

HX 5

LHe

E 3

page: 157 Q
.

Q
.

Q
.
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TWO HIGH POWER REFRIGERATORS

18 K

70 K

155 K

42 K

7.5 K

5 K

Q̇̇ 10000 W

1
3

 g
/s

6700 W

two-phase

here !

20 K

94 K

49 K

9 K

5.6 K

Q̇CL

Q̇u

ẆCCC

Q̇shields
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REFRIGERATION 

AT TEMPERATURES LOWER THAN 4.5 K
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Temperature (K)
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COLD BOX

PUMPING ON LIQUID HELIUM

The easiest way.

The machine volume flow rate can be 

very large if high power and/or low 

temperature.

If low temperature, the heat exchanger 

is very unefficient : heat losses are large.

Possible air leaks into the circuits.

Roots

Liquid ring pump

Compressor
The most efficient in a pure 

thermodynamical way.

If low temperature, the machine 

is not very efficient.
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PUMPING ON LIQUID HELIUM

Roots

Liquid ring pump

Compressor

Cryogenic

compressor

The room temperature machine volume 

flow rate is reasonable, even if high 

power and/or low temperature.

The refrigerator has to take care of the 

cryogenic compressor heat load BUT

the cryogenic compression ratio is 

lower .

Possible air leaks into the circuits.

COLD BOX
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PUMPING ON LIQUID HELIUM

Cryogenic

compressor

The refrigerator has to take care of the 

cryogenic compressor heat load.

No more air leaks into the circuits.

If low temperature, the heat load of the 

cryogenic compressor is large.

COLD BOX
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SUB-ATMOSPHERIC SURPRESSOR

It is not possible to have 

an efficient low-pressure-

drop 

heat exchanger.

Remember !

Low-pressure-drop 

means low heat 

exchange coefficient. 

LHe

T 1

T 2
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MIXED PUMPING

LHe

T 1

T 2

LHe
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NECESSITY OF THE JT HEAT EXCHANGER

1,5
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TORE SUPRA (WEST) REFRIGERATOR

Q̇

LN2

1638 Pa

1.75 K

Q̇

Q
ṡ
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1.2 bar

0.8 bar

300W at 1.8 K
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CEBAF REFRIGERATOR 5.0 kW at 2.0 K

5000 W
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R

F
 g

u
id

e
s

C
ry

o
g
e

n
ic

c
e

n
tr

if
u

g
a
l

c
o

m
p

re
s
s
o
rs

LHe

T 2

T 3

1,20 bar

4,40 K LHe

T 4 CC 1

CC 2

CC 3

CC 4

LN2

T 1

Q̇
s
h
ie

ld
s

5000 W at 2.0 K
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A LHC REFRIGERATOR, 2.4 kW at 1.8 K
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