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System description
A pulse tube cryocooler unit

2

Cold finger 
assembly (CFA)

Compressor part 
assembly (CPA)

Cryocooler electronics

Loadwashers

Multiphysics system

TRL9 
Max. input power : 160W
Mass: 7.3 kg
Temperature : 50K – 80K
Heat lift: 2W – 8W 
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System description
The thermodynamic system
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Compressor part assembly (CPA)

Cold finger assembly (CFA)

Thermodynamic system: subject of the present study

Compressor

50 K290 K 290 K
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1
Why to model pulse tube 
cryocoolers?
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Predict and improve
thermodynamic performances

Why model pulse tube cryocoolers?
Why and how have others done it?

5



I AIR LIQUIDE, A WORLD  LEADER IN GASES, TECHNOLOGIES AND SERVICES FOR INDUSTRY AND HEALTH 

Kévin Lauzier • Air Liquide Space Department   CEC-ICMC – Hartford – Jul 23th, 2019•

THIS  DOCUMENT IS  PUBLIC

Predict and improve
thermodynamic performances

Predict and improve
compressor performances

Why model pulse tube cryocoolers?
Why and how have others done it?
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Predict and improve
thermodynamic performances

Predict and improve
compressor performances

Predict and improve system 
performances

Why model pulse tube cryocoolers?
Why and how have others done it?
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Why model pulse tube cryocoolers?
Why do we do it?
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System vibrations prediction and reduction!

Taking infrared pictures of earth
36 000 km away from earth.

Neighboring instruments sensitive 
to vibrations (spectrometers,…)

Stringent vibration requirements :
• From 𝑓0 ≈ 50 𝐻𝑧 to 10 ∙ 𝑓0 ≈ 500 𝐻𝑧
• ∀𝑓, 𝐹 < 0.3 𝑁
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Why model pulse tube cryocoolers?
Why do we do it?
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Vibrations
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Why model pulse tube cryocoolers?
Why do we do it?
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■Motors/pistons unbalance

■Fluid-structure interaction

■Real physical phenomena

■Resonance

■Attenuation

Sources

Non linearities

Frequency 
behavior

Vibrations

&

&
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2
How to model fluid-
mechanical behavior of 
a pulse tube cryocooler?

8



I AIR LIQUIDE, A WORLD  LEADER IN GASES, TECHNOLOGIES AND SERVICES FOR INDUSTRY AND HEALTH 

Kévin Lauzier • Air Liquide Space Department   CEC-ICMC – Hartford – Jul 23th, 2019•

THIS  DOCUMENT IS  PUBLIC

Modelling
Methodology
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Compressor part assembly (CPA)

Cold finger assembly (CFA)

Thermodynamic system: subject of the present study

Compressor

50 K290 K 290 K
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Modelling
Subsystem: volumes
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𝑃 𝑡 , 𝑉 𝑡 , 𝑇(𝑥, 𝑡)

𝑥0 𝐿

𝑞𝑣𝐿𝑞𝑣0
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Modelling
Subsystem: volumes

10

𝑃 𝑡 , 𝑉 𝑡 , 𝑇(𝑥, 𝑡)

𝑥0 𝐿

𝑞𝑣𝐿𝑞𝑣0
Adiabatic Euler equations
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Modelling
Subsystem: volumes
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𝜕𝑡ln(𝑃𝑆) + 𝛾𝜕𝑥𝑣 = 0

𝑃 𝑡 , 𝑉 𝑡 , 𝑇(𝑥, 𝑡)

𝑥0 𝐿

𝑞𝑣𝐿𝑞𝑣0
Adiabatic Euler equations
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Modelling
Subsystem: volumes

10

𝜕𝑡ln(𝑃𝑆) + 𝛾𝜕𝑥𝑣 = 0 𝑃 𝑡 = 𝑃 0
𝑉 0

𝑉 𝑡

𝛾

exp 𝛾 
0

𝑡 𝑞𝑣0 − 𝑞𝑣𝐿
𝑉(𝑡)

𝑑𝑡

Integrations

𝑃 𝑡 , 𝑉 𝑡 , 𝑇(𝑥, 𝑡)

𝑥0 𝐿

𝑞𝑣𝐿𝑞𝑣0
Adiabatic Euler equations
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Modelling
Subsystem: lines

11

Adiabatic Euler equations
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Modelling
Subsystem: lines

11

𝑅1
𝑅2 𝑡

+
𝑐 0
0 −𝑐

𝑅1
𝑅2 𝑥

+
ψ𝑣 𝑣

2dh

1
1
= 0 with:

𝑅1
𝑅2

=

𝑣 +  
𝑐

𝜌
𝑑𝜌

𝑣 −  
𝑐

𝜌
𝑑𝜌

Adiabatic Euler equations

Simplifications
and

diagonalization
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Modelling
Subsystem: lines

11

𝑅1
𝑅2 𝑡

+
𝑐 0
0 −𝑐

𝑅1
𝑅2 𝑥

+
ψ𝑣 𝑣

2dh

1
1
= 0 with:

𝑅1
𝑅2

=

𝑣 +  
𝑐

𝜌
𝑑𝜌

𝑣 −  
𝑐

𝜌
𝑑𝜌

𝑅1 𝑥, 𝑡 + Δ𝑡 = 𝑅1 𝑥 − Δ𝑥, 𝑡 − Δ𝑡
ψ𝑣 𝑣

2dh

𝑅2 𝑥, 𝑡 + Δ𝑡 = 𝑅2 𝑥 + Δ𝑥, 𝑡 − Δ𝑡
ψ𝑣 𝑣

2dh

Adiabatic Euler equations

Simplifications
and

diagonalization

Directional derivative
and

discretisation
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Modelling
Overall system
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𝑽

Volume
(Compression 

chamber)

Line
(Split pipe)

Regenerator
(Warm 

regenerator)

Regenerator
(Cold 

regenerator)

Volume
(Pulse tube)

Volume
(Buffer)

Line
(Wound

inertance)

Line
(Inertance pipe)

Section 
change

𝒒𝒗𝑷
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𝑷𝒒𝒗
𝑷

𝒒𝒗

𝒒𝒗 𝑷

Pistons

𝑷 Legend :
Output of the thermodynamic model
Input of the thermodynamic model

𝑷

𝒒𝒗
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3
Validation
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Experimental validation
Measurement points

14

Compressor part assembly (CPA)

Cold finger assembly (CFA)

Thermodynamic system: subject of the present study

Compressor

50 K290 K 290 K
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Experimental validation
Measurement points

14

Compressor part assembly (CPA)

Cold finger assembly (CFA)

Thermodynamic system: subject of the present study

Compressor

50 K290 K 290 K

P0

P1

P2

P3

P4

P# Test bench pressure measurements
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Experimental validation
Comparison simulation/experiment
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𝑥1 𝑡 = 𝑋 sin(𝜔𝑡) 𝑥2 𝑡 = 𝑋 sin(𝜔𝑡)

INPUT 1 INPUT 2
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4
Conclusion 
and
Prospects
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Conclusion

Results:

● Highlighting of non-linear mechanical behavior of the thermodynamic system

● Simulated pressure harmonics very close to experimental ones

● Very efficient modeling of most components

Considered improvements:

● Method of characteristics applied to regenerators  significant time step reduction

● Better calibration of the sensors to reduce uncertainties

17
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• Calculation of vibrations due to fluid-structure interactions
• Integration to a whole cryocooler model

Prospects

18

Thermal 
Thermodynamic 
Fluidic

x1,x2

P

Thermodynamic system
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• Calculation of vibrations due to fluid-structure interactions
• Integration to a whole cryocooler model

Prediction

Power consumption
Understanding
Prediction

Electrical harmonics

Prospects

18

Mechanic
Electromagnetic

V1,V2

I1,I2

Thermal 
Thermodynamic 
Fluidic

x1,x2

P

Compressor
Thermodynamic system
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• Calculation of vibrations due to fluid-structure interactions
• Integration to a whole cryocooler model

Prediction

Power consumption
Understanding
Prediction

Electrical harmonics
Understanding
Prediction

Vibrations

Prospects

18

Mechanic
Electromagnetic Fvib

V1,V2

I1,I2

Thermal 
Thermodynamic 
Fluidic

x1,x2

P

Compressor
Thermodynamic system
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• Calculation of vibrations due to fluid-structure interactions
• Integration to a whole cryocooler model

Prediction

Power consumption
Understanding
Prediction

Electrical harmonics
Understanding
Prediction
Reduction

Vibrations

Prospects

18

Mechanic
Electromagnetic Fvib

Electronic
Automatic

V1,V2

I1,I2Fcvib= 0 N

Control system
Thermal 
Thermodynamic 
Fluidic

x1,x2

P

Compressor
Thermodynamic system
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• Calculation of vibrations due to fluid-structure interactions
• Integration to a whole cryocooler model

Prediction

Power consumption
Understanding
Prediction

Electrical harmonics
Understanding
Prediction
Reduction

Vibrations

Prospects

18

Mechanic
Electromagnetic

T

Fvib
Electronic
Automatic

V1,V2

I1,I2Fcvib= 0 N

Tc ~ 50 K
Control system

Thermal 
Thermodynamic 
Fluidic

x1,x2

P

Compressor
Thermodynamic system
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Modelling
Subsystem: Regenerators
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𝜕𝑡 𝜌𝑆 = −𝜕𝑥 𝜌𝑣𝑆

𝜕𝑡(𝜌𝑣𝑆) = −𝜕𝑥 𝜌𝑣
2𝑆 − 𝜕𝑥(𝑃𝑆) −

ψSρ𝑣 𝑣

2dh

𝜕𝑡
𝑃

𝜌
= 0

𝜌 𝑥, 𝑡 + Δ𝑡 = 𝜌 𝑥, 𝑡 − Δ𝑡
𝜌 𝑥 + Δ𝑥, 𝑡 𝑣 𝑥 + Δ𝑥, 𝑡 − 𝜌 𝑥 − Δ𝑥, 𝑡 𝑣 𝑥 − Δ𝑥, 𝑡

2Δ𝑥

𝑣 𝑥, 𝑡 + Δ𝑡 = 𝑣 𝑥, 𝑡 − Δ𝑡 𝑣 𝑥, 𝑡
𝑣 𝑥 + Δ𝑥, 𝑡 − 𝑣 𝑥 − Δ𝑥, 𝑡

2Δ𝑥
+

1

𝜌 𝑥, 𝑡

𝑃 𝑥 + Δ𝑥, 𝑡 − 𝑃 𝑥 − Δ𝑥, 𝑡

2Δ𝑥
+
ψ𝑣 𝑥, 𝑡 𝑣 𝑥, 𝑡

2dh

𝑃 𝑥, 𝑡 + Δ𝑡 = 𝑃 𝑥, 𝑡
𝜌 𝑥, 𝑡 + Δ𝑡

𝜌 𝑥, 𝑡

Euler equations with isothermal relashionship:

Simplifications
and

discretisation


