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System description

.
. " -
. .

A pulse tube cryocooler unit Multiphysics system
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Max. input power : 160W
Mass: 7.3 kg
Temperature : 50K — 80K
Heat lift: 2W - 8W
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System description
The thermodynamic system

. Thermodynamic system: subject of the present study

290 K 50 K

Cold finger assembly (CFA)

compressor IIIIIIIIIIIIIIIIIIIIIIIIIIIIII
THIS DOCUMENT IS PUBLIC . SRRRRRRRRRRRRRRR AIR LIQUIDE, A WORLD LEADER IN GASES, TECHNOLOGIES AND SERVICES FOR INDUSTRY AND HEALTH
3 | Kévin Lauzier *  Air Liquide Space Department CEC-ICMC - Hartford — Jul 23t, 2019




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

Sage

Low-T Cooler

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

9
&
Lo o
o Sage
Low-T Cooler K 1 C
Predict and improve Predict and improve
thermodynamic performances compressor performances

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

THIS DOCUMENTIS PUSLIC . ! ooiiieiei...... ARLIQUIDE A WORLD LEADER IN GASES, TECHNOLOGIES AND SERVICES FOR INDUSTRY AND HEALTH /\\
' 0 Air quU|de

5 Kévin Lauzier ¢+ Air Liquide Space Department



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

Compressor

uolsid

. - Sage

&

:""L.ow-T Cooler

— | C
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Gas reservoir Inertance mbe Warm HX [I Pulse mbe Cold HY Regenerator Warm X I

Predict and improve Predict and improve Predict and improve system
thermodynamic performances compressor performances performances
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Why model pulse tube cryocoolers?
Why do we do it?

System vibrations prediction and reduction!

Stringent vibration requirements :
e Fromf,~50Hz t010- f, = 500 Hz
« Vf,F<03N

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

Neighboring instruments sensitive
to vibrations (spectrometers,...)
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Why model pulse tube cryocoolers?
Why do we do it?
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Why model pulse tube cryocoolers?
Why do we do it?

mMotors/pistons unbalance
mFluid-structure interaction

Non Iiﬂearities mReal physical phenomena

F req ue ncy mResonance
be haVi or mAttenuation
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How to model fluid-
mechanical behavior of

a pulse tube cryocooler?
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Modelling
Methodology

. Thermodynamic system: subject of the present study

290 K 50 K 290 K

Cold finger assembly (CFA)

compressor IIIIIIIIIIIIIIIIIIIIII
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Modelling

Subsystem: volumes | I

- P(1),V(t), T(x,t) >

q UOT v,

]

| >
T t—>
X
0 L
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Modelling
Subsystem: volumes

«—> P(t),V(t), T(x,t) ——

q UOT v,

]

Adiabatic Euler equations

| >
T t—>
X
0 L
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Modelling

Subsystem: volumes | I

«—> P(t),V(t), T(x,t) «—

q UOT v,

]

Adiabatic Euler equations

| .
1 t—>
0 x L
d¢In(PS) +yo,,v =0
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Modelling

Subsystem: volumes I I

«—> P(t),V(t), T(x,t) «—

q ‘UOT v,

]

Adiabatic Euler equations

| >
1 1 P>
0 x L
Integrations
14 t
V(O) Qvy — v
d;In(PS) +yo,v =20 P(t) =P(0)| —=] exp yf — Lt
40, o V(®
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Modelling

Subsystem: lines

Adiabatic Euler equations
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Modelling

Subsystem: lines

Adiabatic Euler equations

Simplifications
and
diagonalization
v+ | —dp
R1) c O R4 Y|y 1 . Ry j p
+ + =0 with: =
() + (6 2)(&) (1) (») c
2/ ¢ 2/ 2dy, 2 v — j Zdp
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Modelling

Subsystem: lines

Y|y
Ry(x,t + At) = Ry(x — Ax,t) — At >d
Adiabatic Euler equations h

viv
R,(x,t + At) = R,(x + Ax,t) — AtLIJ v
2dy
Simplifications Directional derivative
and and
diagonalization discretisation
t ] € d
v —ap
R1) c 0\(Ry bv|v| 1 _ R, p
+( )( >+ ()=O with: ( >=
(RZ t 0 —C RZ x Zdh 1 R2 j C
v— | —dp
p
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Modelling

Overall system

Line

(Split pipe)

Volume

(Compression
chamber)

vl

Pistons
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Regenerator Regenerator
(Warm (Cold
regenerator) regenerator)

Volume
(Pulse tube)

Line
(Inertance pipe)

P :
Volume (v:,'::; d Section
(Buffer) . change
inertance) ' D —

qv

Legend :
: i Output of the thermodynamic model
— 71Input of the thermodynamic model
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Validation

| \
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Experimental validation
Measurement points

. Thermodynamic system: subject of the present study

290 K 50 K

Cold finger assembly (CFA)

compressor IIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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Experimental validation
Measurement points

. Thermodynamic system: subject of the present study

290 K 50 K

Cold finger assembly (CFA)

P2 :

P3

. L]
: P1.
20hd T, oPL
Compressor part assembly (CPA)
CompresSOr . L e ee e
p# ® Test bench pressure measurements
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Experimental validation OUTPUT

Comparison simulation/experiment L
INPUT 1 — e INPUT 2
—> —>
x1(t) = X sin(wt) x,(t) = X sin(wt)

10
g
) 1
§ o
% 0,01
l
S 0,0001

1 2 3 4 5 6 7 8

Harmonic number (1 is fundamental frequency)

mExperimental P1 (bar)  mSimulated P1 (bar)
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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
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Prospects

« Calculation of vibrations due to fluid-structure interactions
+ Integration to a whole cryocooler model

Thermodynamic system

i. Thermal
p Thermodynamic
“ Fluidic
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Prospects

« Calculation of vibrations due to fluid-structure interactions
+ Integration to a whole cryocooler model

Thermodynamic system

viva Compre.ssor X1X2__ | Thermal
| Mechanic Thermodynamic
12 Electromagnetic |_P Fluidic
Power consumption Electrical harmonics
Prediction Understanding
Prediction
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Prospects

« Calculation of vibrations due to fluid-structure interactions
+ Integration to a whole cryocooler model

: . Thermodynamic system |
ompressor |
V1V2, - x1,x2 | Thermal I
Mechanic Thermodynamic I Evib
__11,12, | Electromagnetic |_P Fluidic
| |
Power consumption Electrical harmonics Vibrations
Prediction Understanding Understanding
Prediction Prediction
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Prospects

« Calculation of vibrations due to fluid-structure interactions
+ Integration to a whole cryocooler model

: . Thermodynamic system |
ompressor |
Control system V1V2, P : x1,x2 [ Thermal :
Ecvib= 0 N Electronic i | Mechanic b Thermodynamic I Evib
= »| Automatic |__11,12, | Electromagnetic |, Fluidic —
1 ! l
Power consumption Electrical harmonics Vibrations
Prediction Understanding Understanding
Prediction Prediction
Reduction
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Prospects

« Calculation of vibrations due to fluid-structure interactions
+ Integration to a whole cryocooler model

: . Thermodynamic system |
Control system ompressor |
_Tc~50K _, . vivz, - x1,x2 | Thermal - — —
_ Electronic || Mechanic Thermodynamic I Fyi
Fcvib=0N - 1112 El - P - Fvib
: Automatic AZ ectromagnetic Fluidic P
T |
Power consumption Electrical harmonics Vibrations
Prediction Understanding Understanding
Prediction Prediction
Reduction
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Modelling

Subsystem: Regenerators

Euler equations with isothermal relashionship:
( 0¢(pS) = —0,(pvS)

0:(pvS) = —ax(pVZS) — 0,(PS) — llJSpv'vl
{ 2d,,

a(P)—o
L “\p

Simplifications
and
discretisation

( x+ Ax, t)v(x + Ax,t) — p(x — Ax, t)v(x — Ax, t
p(x,HAt):p(x,t)_Atp( )v( )ZAxp( )v( )

v(x + Ax,t) — v(x — Ax, t) N 1 P(x+Ax,t)—P(x—Ax,t) N Yv(x, t)|v(x,t)|
2Ax p(x,t) 2Ax 2dy,

P(x,t + At) = P(x,t) M
\ p(xr t)
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