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Outline
= PHPs

» Working mechanism
» Non-cryogenic PHPs already in space

= Cryogenic PHPs

» Motivations in the superconductivity world
» Specific characteristics
» State-of-the-art at CEA Paris-Saclay

o Mono-sized 0.4 m long neon (C,;, ~6 W/K) and
helium PHP (C,, ~1 W/K)

o First demonstrator of HTS-MI magnet (10 T, 30 K)
cooled by cryogenic PHP

= Collaborative project with CNES

» Objectives; first such project aimed for miniature
cryogenic PHPs in space
» Commissioning of on-ground test facility

= Take-away ideas
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PHPs: Working Mechanism

What is a pulsating heat pipe (PHP) / oscillating heat pipe (OHP)?

« Two-phase passive heat transport device patented by Akachi in 1990

 Filled partially with working fluid operating around its saturation conditions

« Thermal transport carriers: oscillating train of vapor bubbles and liquid slugs

Visualization of water PHP in working

Charging tube (connected Credits: Prof. S Khandekar, IIT Kanpur, India
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PHPs: Non-cryogenic PHPs already in Space

Two long-term reliability and operation on-orbit demonstrators of non-cryogenic PHPs by JAXA and U.S. AFRL

Several micro-/hyper gravity experiments aboard parabolic flights and sounding rockets by collaboration b/n institutes in Italy
(Universita di Bergamo, Universita di Parma, Universita di Pisa, Politecnico di Milano), UK (University of Brighton), France
(Institut Pprime CNRS — ENSMA — Université de Poitiers), ESA Academy

62", 64™ ESA Parabolic Flight Campaign 65! ESA Parabolic Flight Campaign

CLANNEL FPPHP Guard channel \I/ tank
JAXA U.S. AFRL + ThermAvant L . e
FOX on SDS-4 Technologies ASETS-II
Type pf OHP Tubular with Flat plate
check valves
Material Al alloy Al alloy
Working fluid HFC-134a Butane, R134a - » h B Es Dramoror Contenn
Test duration 2012 - 2016 2017 — 2019 Tubular Cu PHP, FC-72 Flat Cu PHP, water+SRWF

Ayel et al. Heat Tranf. Eng. 40 (2018) 227-237 Cecere et al. Acta Astronautica 147 (2018) 454—461

152.4 mm

ESA REXUS 22 Sounding Rocket

79" ESA Parabolic Flight Campaign

Metal Foam
+ Paraffin

Ando et al. Applied Therm. Eng.

130 (2018) 552-560 Drolen et al. J. Thermophys Heat Trans. 36 (2) (2022) 314-327
Tubular Al 6060 hybrid s et W s e
LT /PHP, perfluorohexane Deployable tubular Al 6063 PHP, HFE-7000
Mameli et al. Microgravity Sci. Tech. 31 (2019) 249-259 Perna et al. Therm. Sci. Engg. Prog. 61 (2025) 103479
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Cryogenic PHPs: Motivations in Superconductivity Worid

Migration of PHPs in cryogenics in 1998: investigations began at CEA in 2014

Efficient heat transfer device in “zero gravity” environment
» Cooling superconducting system for space application — CEA conceptual idea
« Cooling very high magnetic field superconducting magnet (B>20 T) where magnetic force can oppose gravity — CEA R&D

Liguid helium bath

- X ——R2
cooled 32.5T fmag 0 =——grad(B?)
External shield solenoid HTS magnet 2#0
(internal temperature 40 K) NOUGAT *

CRYOCOOLER

Superconducting coil
(10K)

Mechanical structure
(10K)

Internal shield

% cryocooler (300K)

European Commission Grant |D:313224,
Project duration 2013 — 2015
Proposal to cool thermal shield b/n human habitat and

irfu
_

HTS MAGNET

=

ﬂ superconducting magnet with nitrogen PHP in space

Simon Bagnis, PhD Thesis, Analysis of the effect of
magneto-gravitational forces on liquid helium cooling
of high magnetic field superconducting magnets,
Fazilleau et al., Cryogenics CEA/IRFU/DACM Université Paris-Saclay 2023

106 (2020) 103053
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Cryogenic PHPs: CEA State-of-the-Art 2014-til date

. ) | Cryocooler
Floating thermal shield 37 m | (sumiTomo RoE-418D4) 04 m
Nitrogen thermal shield (77 K) | 18 W for neon
Cryocooler Evaporator I 1.8 W for helium
Liens thermiques |
Condenser | Cryocooler
t
| 1% stage Cryostat
(Vacuum 106 mbar)
|
1 m I Cryocooler Radiation
I 2d stage shield
I MOLECULAR 4 SCROLL
Barba et al. IOP Conf. | bid -
Series: Mater. Sci. Eng. | Filling Condenser
278 (2017) 012156 | tube
|
m European Commission Grant ID 313224, 2013 — 2015 : PHljucsgslllary
____________________________________________ |
| Evaporator

Condenser part with the inlet
tube tin at the surface of the
thermal link component Cryocooler
Evaporator part with 1 m
heaters taped at its surface

to control the heat fluxes

Dixit et al. Cryogenics 132 (2023) 103670
Dixit et al. App. Therm. Eng. 251 (2024) 123613

Argon (87.3 K or -185.9°C)

Glass epoxy suppor 4} Nltrogen (77.3 K Or '195.80C)
_ Neon (27.1 K or -246.1°C)

Aluminum body sliding on S:;odgyeﬁrcmpel}li;flﬁzlisg{';?pnégf Hyd rogen (203 K or _25290C)

the cryostat plate V Université Paris-SacIay, 2019 A\ Hellum4 (4 2 K or _268 9OC)

Cryogenic

Maria Barba, PhD Thesis, fluids tested
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Cryogenic PHPs: CEA State-of-the-Art mono-sized neon & helium PHP

Design parameters
» Not straightforward — jugging of several parameters

* Guidelines not streamlined — still primarily dependent on experimental
Investigations

Chosen neon PHP parameters:
* Inner diameter = 1.0 mm (Bo ~ 2.5 at 27.1 K)
* Number of tubes = 20
* Projected length=0.4 m
» Condenser/evaporator material = CuC2

Physical characteristics Operational characteristics * Tube material = SS316 L annealed
v Capillary tube inner diameter v" Working fluid « Turns enclosed within the condenser/evaporator
v" Number of tubes v' Condenser temperature
v Length of evaporator/condenser/ v Filling ratio 210 mm -
adiabatic part (1:1:1 or 1:2:1 0or ...) v' Evaporator heat load ” f
A
________________________________________________ | o o o e e :
g5 s 1 - :
g e Helium Choi_ce of PHP capillary tube diameter based : a ; <
o « Hydrogen on widely accepted, fluid property dependent | 4
o4 ® Neon 1 Bond number criterion | 4 s
A ¢ Nitrogen 5 | 3
: Argon g(p — p,)D !
33 — Bo = <4 | E £ :
. i S 3 :i
% 2 \ 4 p; = fluid saturation liquid density (kg/m3) o = fluid surface tension I o N 2
g py= fluid saturation vapour density (kg/m?) D = tube inner diameter (m) : < =
S ;
2 I 3
21 : . . . | Il Y e s
E Good starting point but validity of | 1l E“ °c ¢ © o § o enENENES]:
= . \ theory deliberated! | | IS
© P ———— Dixit et al. “Oversized diameter helium pulsating heat : 3
60 80 100 120 140 160 pipe” Applied Thermal Engineering 251 (2024) 123613 : a I Evap(.)rator, - g
Saturation temperature (K) | v +BK. .. == 3 - B
| te
.
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Cryogenic PHPs: CEA State-of-the-Art mono-sized neon & helium PHP

Neon PHP
36 ; ; . ; .
——10.1% [Neon PHP| 13.8% 17.9%) Fz’dﬁ%\ ——10.1% [Neon PHP|
13.8% | Vertical 1 3500 - 13.8% | Vertical
1529, (Di=1mm 15:2% ‘ 15.2% [Di=1mm
——17.9% ——17.9% :
Evaporator Kapton L7 P 0y : . S L X
P Heaters ——30.1% i £ 8000 - —— 2% o ]
i 40.0% 89:6% /. .0% E
\ |" £ | —s01% % s 5
o 32+ 59.8% wow 4 9 2500 F 59.8% y
= ——69.5% Pas £ ——69.5%
} iI' il =2 ——800% ‘ 7 . 800
Cernox ‘ §_ —, 89.6% ; 2000 |- ——89.6%
Condenser sensors & 30 EVAPORATOR ‘ : 1 8
= : & 1500
28 - /CONDENSER 1 29
1000 13.8%
25 .°W,<1W..zwl.<4w..6w,<5‘:vJ°W..’2W.<“IW,.’BW.<‘°W,4:9‘”,.20.‘” (a)l OW IW 2W AW 6W BW 10W 12W 1AW 16W 18W 19w 20W (b)
1 1 1 J=ay 1
2-stage GM  Eoame = 0 5000 10000 15000 20000 25000 5000 5000 10000 15000 20000 25000
Cryocooler Time (s) Time (s)
38 T T T T r
151%  151% [20.5%] s =00 15.1% 500%
« Evaporator temperature, (regulated) condenser ol o w00 2% )
- ——50.0% [60.0% 1 ——50.0%
temperature, global pressure measurement 0% | 0.0%
. : : . 80.0% ' » 3500 - ——80.0%
 Vertical and horizontal orientation < 34 L “N . L WMe= = I
ITH - [} Di= 1 mm ; | Qo " [Di=1mm
« Filling ratio (FR) of 10% - 90% 5 b (
© 32} ‘ bl w' ; ® 2500
@© 5
g. l o ' W\ EVAPORATOR @
@ 2000
« Temperature range 27.1 Kto 37 K @ 30 ‘ o 1 &
* Qguyap 0 - 18 W (cryocooler limit reached) J, “ fl 1600
p 28 | » 1' CONDENSER 4
I - 1000 4
J ( ) 15.1% (b)
: . | OW  1W 2W 4w BW B8W 10W 12w 14W 16W 18W 1oW 20W (g OW [ 1W 2W 4W 6W BW 10W 12W 14W 16W 18W 19W 20W
° 0 26 | : X { y 500 Foe WA, B B, O, W, R )
Optlmum FR Of 40 /0 for 18 W CapaCIty 0 5000 10000 15000 20000 25000 0 5000 10000 15000 20000 25000

Time (s) o . Time (s)
Dixit et al. Cryogenics 132 (2023) 103670




Cryogenic PHPs: CEA State-of-the-Art mono-sized neon & helium PHP

Neon PHP

« Thermal conductance in temperature range 27.1 Kto 37 K

v" Highest C;, ~6 W/K in vertical and ~3.7 W/K in horizontal orientation
v Best thermal performance ever measured for neon PHPs
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» Function steadily under non-homogeneous evaporator heat load

* Long run stable functioning ~100 hours at constant FR and Qg
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Cen =

15.1%
—v—20.5%

4—1—40.6%

—b—50.0%
—3—60.0%
—0—80.0%

Qevap

Tevap - Tcond

Comparison with classic metallic strap

Mass of PHP adiabatic part
* n=20,L=200 mm b/n 132
condenser & evaporator 9
» SS316L tube
CyatFR13.8% &6 W 6 W/K
In 30 K temp Cu strap Al Strap
range (ki, 2000 W/mK) (ki, 3000 W/mK)
Iso-
conductance e e 215g
Iso-mass 0.75 WIK 3.8 W/K
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Cryogenic PHPs: CEA State-of-the-Art mono-sized neon & helium PHP

Helium PHP

120 mm 200 mm 120 mm

Breaching Bo criteria with helium
D=1mm—Bo=12 @ 4.2K
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Dixit et al. App. Therm. Eng. 251 (2024) 123613
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Dpye 1.0 mm

\ Dy 0.57 mm
-

Tisha DIXIT | ESTEW 2025

» Evaporator temperature, (unregulated) condenser

temperature, global pressure measurement
» Vertical and horizontal orientation

« Temperature range 2.5 Kto 10 K
* Qevap 0 - 1.5 W (cryocooler limit reached)

» Successfully transport heat — stable working
condition in supercritical state in evaporator

(T>T, and P>P,)

* ~65 hours stability test at constant FR and Q5
in vertical/horizontal orientation

Comparison with classic metallic strap

Present Cu strap Al Strap
0.4 m PHP | (k4 520 W/mK) | (kg 2500 W/mK)
In 4.2 K temp range
FR48% & 1 W 1329 70049 399
1.0 W/K 0.19 W/K 3.15 W/K
Heat switch function Yes No No
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CNES-CEA Collaboration Project: Objectives

Two-fold objectives:

v’ Feasibility study of replacing metallic straps that thermally couple focal plane of an IR instrument to a cryocooler with
miniature cryogenic PHPs

v" Viability check to see if heat-in-leak arriving from redundant cryocooler can be inhibited by having PHP in “OFF” mode

Testing at two temperature range of focal planes: 50 K — 65 K and 77 K — 80 K with neon and nitrogen as working fluid

COOLERCOLDTIP —

};

Courtesy: L. Marelli CNES

| i

|

: .

: J
| PHP system

|_~1 toreplace

metallic straps

UL

Add gradient inducers (Final
FTR L o Thermal Resister FTR) at the

PHP evaporator to have
o desired operating temperature
FOCAL PLANE —
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CNES-CEA Collaboration Project: On-ground Test Facility

Cryostat insert

Neon PHP

line

Gas feeding

Set-up schematic

Cryostat Radiation PHP
Neon / l Shield
Nitrogen e e
supply @

— ¢ -
of o

2nd stage

1ststage

BUFFER (Ne/N2)

Cryostat

Cryocooler
SUMITOMO CR-108R

cen
e
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radiation shield Dry-scroll
Pump
2d stage thermal PHP
connector S— l To turbo-
P control ball valve (51-55) ® CERNOX® temperature sensor molecular
) EI pump
Safety valve © PT100 temperature sensor

@ Absolute pressure transducer I Kapton heater

Next step: Manufacturing and Testing... Results next year!
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Take-away ldeas: Cryogenic PHPs

Passive heat transport solution that can serve low
temperature range of 2.5 Kto 100 K

Gravity independent — Ground tests in horizontal
orientation showcase behavior similar to that in space

Mono-sized ¥2 m long PHP is shown to have thermal
conductance range

» 3.7 — 6 W/K for neon 27 — 38 K

» 0.45—1.25 W/K for helium 2.5-10K
Compared to classical metallic straps, multi-fold times
» superior thermal performance at iso-mass
» lighter at iso-conductance

Heat switch: from insulator to heat transport device!
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Thank you for your
attention!

tisha.dixit@cea.fr @ A




