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Figure 6-38: Results of barrier dynamic stability tests. Bond number-controlled mode. 
Tests were insufficient for determining the effect on barrier stability of the 
various dimensionless parameters. From McCarthy (1968) [144]. .................... 186 
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Figure 6-41: Critical Weber number, Wec, as a function of geometry, l/D, and position of 
the axis of rotation, L/D. These results have been obtained by use of a 

potential (incompressible, inviscid, irrotational flow) theory with Op  1, 
although assuming that the barrier induces a capillary pressure difference. 
From Gluck (1970) [76]. ................................................................................... 188 
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Figure 6-42: Damping performance of selected barriers. From Fester (1973) [67]. The 
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European Foreword 

This document (CEN/CLC/TR 17603-31-14:2021) has been prepared by Technical Committee 

CEN/CLC/JTC 5 “Space”, the secretariat of which is held by DIN. 

It is highlighted that this technical report does not contain any requirement but only collection of data 

or descriptions and guidelines about how to organize and perform the work in support of EN 16603-

31. 

This Technical report (TR 17603-31-14:2021) originates from ECSS-E-HB-31-01 Part 14A. 

Attention is drawn to the possibility that some of the elements of this document may be the subject of 

patent rights. CEN [and/or CENELEC] shall not be held responsible for identifying any or all such 

patent rights. 

This document has been prepared under a mandate given to CEN by the European Commission and 

the European Free Trade Association. 

This document has been developed to cover specifically space systems and has therefore precedence 

over any TR covering the same scope but with a wider domain of applicability (e.g.: aerospace). 
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1 
Scope 

In this Part 14 cooling methods below 100 K are described. These low temperature levels are mainly 

required by space borne electronic systems operating under very low noise conditions. Details on the 

materials used and safety factors are given. 

 

The Thermal design handbook is published in 16 Parts 

TR 17603-31-01 Thermal design handbook – Part 1: View factors 

TR 17603-31-02 Thermal design handbook – Part 2: Holes, Grooves and Cavities 

TR 17603-31-03 Thermal design handbook – Part 3: Spacecraft Surface Temperature 

TR 17603-31-04 Thermal design handbook – Part 4: Conductive Heat Transfer 

TR 17603-31-05 Thermal design handbook – Part 5: Structural Materials: Metallic and 

Composite 

TR 17603-31-06 Thermal design handbook – Part 6: Thermal Control Surfaces 

TR 17603-31-07 Thermal design handbook – Part 7: Insulations 

TR 17603-31-08 Thermal design handbook – Part 8: Heat Pipes 

TR 17603-31-09 Thermal design handbook – Part 9: Radiators 

TR 17603-31-10 Thermal design handbook – Part 10: Phase – Change Capacitors 

TR 17603-31-11 Thermal design handbook – Part 11: Electrical Heating 

TR 17603-31-12 Thermal design handbook – Part 12: Louvers 

TR 17603-31-13 Thermal design handbook – Part 13: Fluid Loops 

TR 17603-31-14 Thermal design handbook – Part 14: Cryogenic Cooling 

TR 17603-31-15 Thermal design handbook – Part 15: Existing Satellites 

TR 17603-31-16 Thermal design handbook – Part 16: Thermal Protection System 
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2 
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3 
Terms, definitions and symbols 

3.1 Terms and definitions 

For the purpose of this Standard, the terms and definitions given in ECSS-S-ST-00-01 apply. 

3.2 Abbreviated terms 

The following abbreviated terms are defined and used within this Standard 

A  aged  

AAD  average absolute deviation  

AC  air cooled 

 alternating current  

Ann  annealed  

AnnA  annealed and aged  

APS  active phase separator  

BLIP  background limited infrared photoconductor  

CHRESUS  superfluid helium cryostat for space use  

CTFE  polychlorotrifluorethylene  

CW  cold worked  

DA  double aged  

DTA  detect capsule assembly  

DC  direct current  

EMI  electro magnetic interference  

GIRL  German infrared laboratory  

GR  generation-recombination  
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GRS  glass fabric and silicone rubber  

HEOA  high energy astronomical observatory  

HIP  hot isostatic pressed  

IR  infrared  

JT  Joule-Thomson  

LAIM  low acoustic impedance medium  

LNG  liquified natural gas  

MLI  multilayer insulation  

NDT  nil ductility transition  

NEP  noise equivalent power  

RMS  root mean square  

RRR residual resistance ratio  

SHFE  superfluid helium in zero g set of experiments  

OFHC  oxygen free high conductivity  

QCM  quartz crystal microbalance  

Q  quenched  

QA  quenched and aged  

RevAnn  reverse annealed  

SA  solution annealed  

SHFE  superfluid helium in zero g set of experiments  

SPT  standard pressure and temperature  

SS  stainless steel  

ST solution treated  

STA  solution treated and aged  

STDA  solution treated and double aged  

STQA  solution treated, quenched and aged  

STQW  solution treated, water quenched  

TEMPER  tempered  
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VCS  vapor cooled shield  

WQ  water quenched  

bcc  cubic-body-centered  

ccp  cubic-close-packed  

ed  electropolishing depth  

hcp  hexagonal-close-packed  

id  inner diameter  

ppm  parts per million  

3.3 Symbols 

A  Clause 6: insulation area, [m2] it is measured normally 

to the main temperature gradient 

 Clause 7: cross-sectional area. [m2] 

 Clauses 7 and 8: Gorter & Mellink constant, [m.s.kg-1] 

A  Helmholtz potential, [m2.s-2] it is defined in clause 

12.1.2.2 

AFL  internal cross-sectional area of a Ddct or a porous 

plug. [m2]. Also called free flow area. In the case of a 

porous plug, AFL = AFR.  

AFR  frontal area of a porous plug, [m2] 

Ad  detector area, [m2] 

Ap  system area, [m2] 

As  support cross-sectional area, [m2] 

B  dimensionless force parameter in Vinen's theory 

Bo  bond number, Bo = glR/ 

Ca  capillary number, Ca = V/ 

Co  Bessel cylinder function of order zero 

D  Clauses 6 and 8: diameter, [m] 

 Clause 9: quenching distance, [m] 

DE  equivalent or hydraulic diameter of a duct of non-
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circular cross-section, [m]  

Dj  dimensionless heat conduction factor for the 

insulation layer, it is defined in Eq. (10.11) 

D*  detectivity of a detector, [m.W-1.s-1/2] 

E  minimum ignition energy, [J] 

Ec  Eckert number, Ec = p/(V2) 

F  fluid dynamic impedance of a duct, [m.s] 

Fr  froude number, Fr = V2/(gl) 

Fl  auxiliary function, it is defined in Eq. [7-70] 

Fn  friction force per unit volume between the normal 

fluid and the wall, [N.m-3] 

Fp  fluid dynamic impedance of a porous plug, [m.s] 

Fs  friction force per unit volume between the superfluid 

and the wall, [N.m-3] 

F's  fs above plus the loss of momentum at the tube exit, 

[N.m-3] 

Fsn  mutual friction force per unit volume between 

superfluid and normal component, [N.m-3] 

Gr  Grashof number, Gr = Re/Fr 

J  impact energy absorbed, [J] 

J(CU)  charpy U - notch impact energy absorbed, [J] 

J(CV)  charpy V - notch impact energy absorbed, [J] 

JC  J-integral toughness based on maximum load, [J.m-2] 

JIC  critical value of J-integral for crack initiation, [J.m-2] 

J  Bessel function of first kind and order  

J-integral  integral toughness, [J.m-2] 

Ji  upper value of subscript j 

K  permeability or geometric factor or a porous medium, 

[m2] 

KD  dynamic fracture toughness, [Pa.m1/2] 

KIC  plane strain fracture toughness, [Pa.m1/2] 

Full document details: PD CEN/CLC/TR 17603-31-14:2021

http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-14-2021
http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-14-2021


CEN/CLC/TR 17603-31-14:2021 (E) 

32 

KIC(J)  KIC computed from JIC, [Pa.m1/2] 

KTH  stress intensity factor at crack arrest, [Pa.m1/2] 

K  stress intensity factor, [Pa.m1/2] is is based on the load 

corresponding to 5% secant line 

Kc  fracture toughness, [Pa.m1/2] 

Kmax  Stress intensity factor, [Pa.m1/2] it is based on the 

maximum load at failure 

Kt  stress concentration factor 

L  length, [m] 

Lb  bond length, Lb = [/(g)]1/2 

Lv  length per unit fluid volume of vortex line in Vinen's 

theory, [m -2] 

L293  length at T = 293 K, [m] 

M  Clause 7: specific surface of the porous medium, [m-1] 

it is defined in Table 7-46. 

 Clauses 7 and 8: molar mass, [kg.mol-1] 

Mp  refrigerating system mass per unit of refrigeration 

power, [Kg.W-1] 

Ms  specific area of the porous medium, based on the 

apparent volume of the medium, [m-1] it is defined in 

Table 7-46. 

N  Clause 6: number of shields in an MLI 

 Clause 8: number of layers in a composite material 

 Clause 9: number of load cycles in fatigue 

Nu  Nusselt number, Nu = hDE/k 

Op  Ratio of open to total area of a capillary barrier 

P  Clause 6: mechanical load, [N] 

 Clause 7: percentage of material between adjacent 

sieves, it is introduced in Table 7-47. 

Pr  Prandtl number, Pr = cp/k 

Q  heat transfer rate, [W] 

Ql  heat transfer rate from the heat source, [W] also called 
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heat load 

Qm  heat transfer rate through the insulation, [W] 

Qs  heat transfer rate through the supports, [W] 

R  Clause 6: characteristic length along the insulation, 

[m] tank radius, [m] 

  Clauses 7 and 8: gas constant of a particular gas, [m2.s-

2.K-1] 

Ro  local radius of the effective vane profile, [m] 

R1,R2  principal radii of curvature of an interface, [m] 

R  universal gas constant, R = 8,31432 J.K-1.mol-1 

RA  tensile reduction in area 

Re  Reynolds number, Re = VD/ 

S  Cryogen sensibility, S = [cp(TH-TC)]/hfg 

T  temperature, [K] 

TB  normal boiling temperature, [K] 

TM  melting temperature, [K] 

Tb  fluid bulk temperature, [K] it is defined in the list of 

symbols of ECSS-E-HB-31-01 

Tfl  flash point, [K] 

Ti  Clause 6: temperature of the i-th vapor cooled shield, 

[K] 

 Clause 9: ignition temperature, [K] 

Tr  reduced temperature, Tr = T/TC 

Tw  wall temperature, [K] 

U  Clause 6: ullage 

 Clause 7: potential of any conservative body force per 

unit volume, [m2.s-2] 

UPE  unit propagation energy, [J.m-2] 

V  Clause 5: volume, [m3] 

 Clause 6: mean fluid velocity, [m.s-1] 

We  Weber number, We = V2L/ 
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X,Y  strained coordinates 

X(T)  bon Mardion et al. function, X(T) = L(T)q3,4 

Y  inverse dimensionless Stokes layer thickness 

Y  Bessel function of second kind and order  

Z  compressibility factor, it is defined in clause 8.1.2.1 

a  crack length, [m] 

ao  Vortex core radius, [m] 

b  time constant, [s-1] 

c  Clause 4: speed of light in vacuum, c = 2,9978 x 108 

m.s-1 

 Clause 8: specific heat of a solid, [J.kg-1.K-1] 

 Clause 9: coefficient in fatigue crack growth rate 

equation (Paris equation), [m1-n/2.Pa-n.cycle-1] 

cH2  Hydrogen content, [m3.kg-2] 

co  numerical factor in Kozeny's equation Table 7-47. 

cp  constant pressure fluid specific heat, [J.kg-1.K-1] for 

gases cp is used in distinction to cv, the constant 

volume specific heat, for liquids no such distinction is 

needed, nevertheless cp will be used 

d  Clauses 6 and 7: diameter, [m] 

 Clause 7: particle diameter, [m] it is defined in Table 

7-46. 

dm  mean particle size, [m] Table 7-47. 

dv  pore diameter, [m] 

dl  vector element of streamline, [m] 

f  Clause 4: diameter to focal length ratio of a lens, f-1 is 

usually known as lens aperture 

 Clause 7: force per unit length on a vortex line in 

Vinen's theory, [N.m-1] fanning friction factor, it is 

defined in ECSS-E-HB-31-01, clause 7.2.2 

g  acceleration due to gravity, [m.s-2] 

h  Clause 15 Planck's constant, h = 1,0545 x 10-34 J.s 

Full document details: PD CEN/CLC/TR 17603-31-14:2021

http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-14-2021
http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-14-2021


CEN/CLC/TR 17603-31-14:2021 (E) 

35 

 Clauses 5 and 8: specific enthalpy, [J.kg-1] 

 Clause 6: convective heat transfer coefficient, [W.m-

2.K-1] 

 Clause 7: thermal conductance of the porous medium 

plus the fluid filling its cavities, [W.K-1] 

 Clause 8: heat of conversion from normal to para 

Hydrogen, [J.kg-1] 

hk  Kapitza conductance, [W.m-2.K-1] 

hfg  heat of vaporization or sublimation, [J.kg-1] 

hl  thermal conductance of the liquid within a porous 

medium, [W.K-1] 

hq  heat of combustion, [J.kg-1] 

hs  thermal conductance of the porous medium, [W.m-1] 

 
mass flux density (Vector), [kg.m-2.s-2] 

k  Clauses 5 and 8: Boltzmann's constant, k = 1,38054 x 

10-23 J.K-1 

 Clauses 7 and 8: thermal conductivity, [W.m-1.K-1] 

kj  coefficient in the approximate expression, k = kjT. 

[W.m-1.K-(j+1)] 

kx  thermal conductivity across the insulation, [W.m-1.K-1] 

ky  thermal conductivity along the insulation, [W.m-1.K-1] 

k  temperature-averaged effective thermal conductivity 

of the insulation, [W.m-1.K-1] 

 

1

0

 dkk  

l  length, [m] height in the gravitational field above a 

reference level, [m] 

m  Clause 6: Cryogen bol-off rate, [kg.s-1] 

 Clause 7: fluid mass flow rate, [kg.s-1] 

mHe  atomic mass of helium, mHe = 6,6435 x 10-27 kg 

mo  Cryogen boil-off rate because of the heat leaks 

through a conventional MLI system. [kg.s-1] 
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 

th

TTAk
m

fg

CH

o


 . 

n  Clause 6: number of vapor cooled shields 

 Clause 9: exponent in fatigue crack growth rate 

equation (Paris equation) 

nB  background photon number flux, [s-1.m-2] 

p  Clause 6: number of supports 

 Clauses 5, 7, 8 and 9: pressure, [Pa] 

pb  boiling pressure at 300 K, [Pa] 

pr  reduced pressure, pr = p/pc 

q  tortuosity of a porous medium, it is defined in Table 

7-46. 

q


 heat flux (vector), [W.m-2] 

qm  heat flux through a guard shroud used in the thermal 

test of a support, [W.m-2] 

r  Clause 6: dimensionless convective heat transfer 

coefficient, it is defined in Eq. [6-37] 

 Clause 7: roughness factor, defined as the ratio of 

rough to macroscopic surface area 

s  specific entropy, [J.kg-1.K-1] 

t  thickness, [m] 

t  time, [s], [d] or [yr] 

tl  liner wall thickness, [m] 

to  overwrap thickness, [m] 

u


 fluid velocity (vector), [m.s-1] 

v   

 

Clause 7: cross-sectional average of the local velocity 

u. [m.s-1] 

Clause 8: molar volume, [m3.kg-1] 

d
v


 diffusion velocity (Vector), [m.s-1] 

vnc2  second normal critical velocity, [m.s-1] 
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vsc1  first superfluid critical velocity, [m.s-1] 

vt  relative velocity between normal fluid and vortex line, 

[m.s-1] 

x  Clause 6: distance to the cold face of the insulation, 

[m] it is measured across the insulation 

 Clause 7: axial distance to the entry in a tube or 

porous plug, [m] 

y  distance between a point in the insulation and the 

venting duct axis, [m] it is measured along the 

insulation 

z  vertical distance, [m] 

  difference 

K  Clause 6: curvature difference, [m-1] 

 Clause 9: stress intensity factor range during fatigue 

cycling, [Pa.m1/2] 

p  pressure drop [Pa] 

j  j-th term in the power series development of the 

"inner" expression of  near the insulation cold face. 

  aspect ratio 

  stretched dimensionless distance from the insulation 

cold face,  = (ky/kx)1/2(t/R) 

  Clauses 6 and 7: volume porosity, it is defined in Table 

7-46. 

 Clause 7: Rayleigh viscous dissipation function, [W.m-

3] 

  Clause 6: outer radius of the venting duct made 

dimensionless with the radius, R, of the insulation 

surface 

 Clause 7: wall interaction dimensionless constant in 

Vinen's theory 

 Clause 7: wall interaction Van der Waals constant, 

[kg.m-2.s-2] thermal accommodation coefficient, 

dimensionless temperature,  = TH/TC, particle shape 

factor Table 7-47. 

 Clause 9: thermal diffusivity, [m2.s-1]  = k/c, where c 

is the specific heat 
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  fluid isobaric compressibility, [K-1] also known as 

coefficient of volumetric thermal expansion 

  Clause 7: superfluid film thickness, [m] 

 Clause 9: tensile elongation 

c  crack opening displacement at the cract tip 

corresponding to the onset fracture, [m] 

  Clauses 4: emittance 

 Clause 5: parameter in intermolecular potential 

function, [J] 

 Clause 6: normal to lateral heat conduction parameter, 

 = (kx/ky)(R/t)2 

  dimensionless distance across the insulation 

 


o

Nu

H
m

m

Tk

k
  

  Clause 5: efficiency 

 Clause 6: dimensionless distance along the insulation, 

 = y/R 

c  Carnot efficiency, c = 1- TC/TH 

  Clause 6: dimensionless temperature,  = (T-TC)/(T-TH) 

liquid-solid contact angle [angular degrees] polar 

angle, [angular degrees] 

  angular velocity, [rad.s-1] 

  angular acceleration, [rad.s-2] 

a  spreading angle of a bubble contacting two concentric 

spheres, [angular degrees] 

D  Debye temperature, [K] 

  strength of a quantized vortex ring, [m2.s-1] 

  Clause 4: wavelength, [m] 

 Clause 7: friction factor, it is defined in major  clause 

11.2.2 

c  detector cutoff wavelength, [m] 

  Clause 5: Joule-Thomson parameter, [K.m2.N-1] 

 
h

pT  / . 
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 Clauses 6 and 8: fluid dynamic viscosity, [Pa.s] it is 

also known as viscosity coefficient 

 Clause 7: chemical potential, [m2.s-2] 

n  Clause 6: n-th root of Y1(n)J1(n)-J1(n)Y1(n) = 0, J1 

and Y1 being the Bessel functions of order one (first 

and second kind respectively) 

 Clause 7: dynamic viscosity of the normal fluid 

component, [Pa.s] 

  Kinematic viscosity, [m2.s-1] 

  Clause 6: dimensionless distance across the insulation, 

 = x/t 

 Clause 7: dimensionless distance along a tube,  = (L-

1)/l 

  density, [kg.m-3] 

l  liquid density, [kg.m-3] 

v  gas density, [kg.m-3] 

  Clause 6: strength, [Pa] 

 Clauses 6, 7 and 8 surface tension, [N.m-1] 

f  fatigue strength, [Pa] 

ult  ultimate tensile strenght, [Pa] 

2  tensile yield strength, [Pa] 2% offset 

  dimensionless temperature,  = T/TH 

1  dimensionless vortex generation parameter in Vinen's 

theory 

2  dimensionless vortex decay parameter in Vinen's 

theory 

  Clause 6: dimensionless heat transfer rate,  = 

Q/(mohfg) 

 Clause 7: superfluid velocity potential, [m2.s-2] 

1  dimensionless heat load, 1 = Ql/(mohfg) 

  frequency, [rad.s-1] 

Nu  factor accounting for the influence of the finite 

convective heat transfer on boil-off rate 
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i  factor accounting for the influence of the i-th deviation 

from the ideal model on the boil-off rate 

k  factor accounting for the influence of the temperature-

dependent. thermal conductivity on the boil-off rate 

n  factor accounting for the influence of the finite 

number of vapor cooled shields on the boil-off rate 

nk  factor accounting for the simultaneous influence of the 

finite number of vapor cooled shields and of the 

temperature-dependent thermal conductivity on the 

boil-off rate 

y  factor accounting for the influence of the finite thermal 

conductivity of the vapor cooled shields on the boil-

off rate 

 

Subscripts 

A  ambient 

C  cold 

H  hot 

Nu  refers to a vapor cooled shield system when finite 

convective heat transfer in the venting duct is taken 

into account 

b  fluid bulk properties 

c  critical conditions 

eff  effective 

i  Clauses 5 and 7: inlet conditions 

 Clause 6: i-th element in a set of several elements 

j  j-th element in a set of several elements 

k  refers to a vapor cooled shield system with 

temperature-dependents thermal conductivity 

l  liquid conditions 

max  maximum 

min  minimum 

n  Clause 6: refers to a vapor cooled shield system 

having n cooled shields 
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 Clauses 7 and 8: normal component in superfluid 

helium flow 

nk  refers to a vapor cooled shield system having n cooled 

shields and temperature dependent thermal 

conductivity 

o  Clause 7: outlet conditions 

 Clauses 7 and 8: reference state 

phon  phonon 

r  reduced value 

s  Clause 6: refers to supports 

 Clauses 7 and 8: superfluid component in superfluid 

helium flow 

sat  conditions along the saturation curve 

v  vapor conditions 

y  Clause 6: refers to a vapor cooled shield system when 

heat transfer along the cooled shields is taken into 

account 

 Clause 7: y component 

z  z component 

,  helium-4 conditions at the lambda point 

 

Superscripts 

o  perfect gas conditions 

-  averaged value. 

*  Local boiling conditions. 
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4 
General introduction 

This Part concerns cooling to temperatures below 100 K.  

These low temperature levels are dictated by the use of improved Earth-applications instruments 

(promising higher resolution in the infrared (IR) region), by a growing interest in infrared, gamma-ray 

and high-energy astronomy, and by the advent of a large number of opportunities for instrument 

launches both by use of the Shuttle (7 to 30 days) and of unmanned spacecraft (1 to 5 years).  

Table 4-1, from Sherman (1978) [216], lists disciplines which require cryogenic cooling in space, with 

estimates of temperatures and cooling loads. The table concerns only NASA involvement, but ESA, 

DOD, DFVLR and CNES, among others, also need cryogenic systems in space. The development, by 

ESA of a Helium II cryostat for Spacelab payloads is described by Lizon-Tati & Girard (1978) [134]. A 

similar effort is being undertaken in Germany by DFVLR (Lemke, Klipping & Römisch (1978) [131], 

Seidel (1978) [212]. On the other hand, CNES in France is developing a solid cryogen cooler for 

spaceborne IR detectors (Rolfo & Prost (1978) [198].  

The cryogenic cooling techniques that are at present either in use or in development state, or that 

promising for the near future, are listed in Table 4-2, which has been also borrowed from Sherman 

(1978) [216].  

Table 4-1: NASA Mission Categories Requiring Cryogenic Cooling in Space 

Discipline Temp. Range [K] Coating Load 

Applications Missions (Weather, Earth 

Resources, Pollution Monitoring, etc.) 
10 to 100 Milliwatts to 10 W 

High-Energy and Gamma-Ray 

Astronomy 
4 to 100 Milliwatts to 10 W 

IR Astronomy 0. 3 to 10 Microwatts to 0,1 W 

Relativity Missions 0,001 to 1,5 Microwatts to Milliwatts 

Superconducting Devices 1 to 15 Wide Range 

Basic Research Experiments 1 to 10 Below 0,1 W 

NOTE From Sherman (1978) [216]  
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Table 4-2: Spacecraft Cryogenic Cooling Techniques 

Cooling Technique Temp. Range [K] a 
Cooling Load for Year 

Mission b [W] 

Radiant Coolers 70 to 100 
0 to 0,01 to date; higher 

capacity foreseeable 

Stored Solid-Cryogen Coolers 10 to 90 0 to 0,8 

Stored Liquid-Helium Coolers 1,5 to 5,2 0 to 0,1 

He3 Coolers 0,3 0 to 104 

Dilution Refrigerators & Adiabatic 

Demagnetization Refrigerators 
0,001 to 0,3 0 to 104 Adiabatic 

Mechanical Coolers 4 to 100 0 to 300 

a These values are not theoretical limits but are estimates of temperatures and loads based on the designs as 

they appear to be evolving.  

b For missions of shorter duration (7 to 30 day Shuttle sortie) significantly higher cooling loads could be 

accommodated.  

NOTE From Sherman (1978) [216].  

4.1 Radiant coolers 

Radiant coolers are at present the most widely used system for cooling at cryogenic temperatures 

aboard spacecraft. These devices are described in ECSS-E-HB-31-01 Part 9, clause 6.  

Radiant coolers offer a relatively simple, passive, low weight technique for cooling spaceborne 

sensors. They present, however, severe limitations with respect to temperature (>70 K), cooling load 

(milliwatts), placement on spacecraft, and spacecraft orbit.  

Studies to advance the design of radiant coolers have been made. For example, Sherman & Brennan 

(1976) [219] suggested the addition of a cryogenic heat pipe between the detector and the radiant 

cooler in order to allow for more flexibility in locating the instrument with respect to the cooler. They 

found that in the 80 K to 100 K temperature range, the parasitic heat loads to the heat pipe require 

radiant coolers larger than those being developed at present (by NASA). As the cooler temperature 

level increases, the effect of the heat pipe in system performance becomes less significant because its 

parasitic losses decrease when the cooler capacity increases.  

The use of cryogenic diode heat pipes (see ECSS-E-HB-31-01 Part 8, clause 9.2) has been considered for 

applications in which the cooler is exposed to a hot environment such as cyclic solar or earth inputs. 

When the cooler becomes warmer than the heat source, the diode) shuts down to isolate the system 

from the environment.  

In spite of these or similar studies for alleviating some of the limitations of radiant coolers, other 

spacecraft cryogenic systems are being developed to meet the increasing demands of lower 

temperatures, higher cooling loads and further flexibility of integration and operation.  
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4.2 Stored solid-cryogen coolers 

Stored solid-cryogen systems for long-term cooling detectors in space have been under development 

for the last ten years. These cryogenic systems are passive and not limited by orbit, spacecraft 

orientation, or locations within the spacecraft.  

Cooling is performed in these systems through sublimation of a solid or boiling of a liquid. For 10 K to 

90 K detector instrument cooling in space, stored solid-cryogen systems offer many advantages over 

stored liquid systems.  

1. Cryogens for this temperature range have heats of sublimation about 10 % to 15 % higher 

than their heats of vaporization.  

2. With a stored-liquid system, liquid phase-gas phase separation under microgravity is 

difficult, because of the uncertain location of the liquid free surface.  

3. For a given volume, the cooling capacity of the stored-solid cryogen is larger than that of 

the stored liquid cryogen since the solid cryogen will have a density 10 % to 15 % higher 

than the liquid.  

The operating temperature range of a solid cryogen is limited from above by the triple point, and from 

below by the requirement that pressure around the sublimating solid be large enough to overcome 

pressure losses in the venting tube, allowing the venting of vapors resulting from solid sublimation. 

Although the mentioned pressure losses obviously depend on the geometrical configuration of the 

venting plumbing, the outer pressure and the mass flow rate, a value of the order of 0,1 torr (13,33 Pa) 

is appropriate in most cases.  

Several stored-solid cryogen coolers are described in Clause 6.5 of this Part.  

4.3 Stored liquid Helium (He4) coolers 

Many applications in the fields of IR astronomy, cosmic rays at the top of the atmosphere, and basic 

physics will demand cooling in the 1,8 K to 4,2 K temperature range. Superfluid liquid helium (He4) is 

well suited to this purpose.  

Superfluid liquid helium presents a number of unusual properties which should be taken into account 

by the designer of the cooler. These properties are discussed in Clause 3 of this Part.  

The crucial areas in the design of stored-liquid-helium coolers are:  

1. Insulation. Helium has a heat of vaporization in the 1,8 K to 5,2 K temperature range of 

about 22x103 J.kg1, which is an order of magnitude below the heat of sublimation of solid 

cryogens. This underscores the importance of minimizing the heat leaks to liquid helium. 

On the other hand, since gaseous helium has a high specific heat, helium vapors can be 

used very efficiently to cool the insulation before venting to space. This is achieved in the 

so called Vapor Cooled Shield (VCS) Dewars. VCS Dewars are extensively discussed in 

Clause 6 of this Part.  

2. Containment and liquid/vapor separation. liquid cryogen into the venting tube of the 

Dewar should be avoided by all means. Otherwise a waste of cryogen will result. 

Fortunately, there is a peculiar effect in superfluid helium, the thermo-mechanical effect 

(see clause 7.1.1.1), which allows the venting of the vapors through a porous plug while 

still retaining the superfluid liquid. The superfluid porous plug is considered in clause 

7.4 of this Part.  

3. Filling of a superfluid helium container (clause 1.1) is not an easy task, since much care 

should be exercised to minimize the liquid loss in the container while pumping down. 
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Two different filling approaches are presently envisaged. 1) Storage of the liquid helium 

in the normal state at ground, and pumping down in space upon opening the effluent 

port. 2) Filling of superfluid liquid helium at ground. The first approach looks simpler, in 

terms of ground support equipment, but would result in about 40 % helium loss.  

4. Sloshing of the superfluid liquid helium is a not yet satisfactorily solved problem. Notice 

that the mass of the liquid is significant and that the cryostat may be required to be 

highly stable with reference to its own experiments (for instance, when an instrument 

scans) and with reference to other experiments in the same spacecraft.  

The study of the He4 free surface poses a substantial challenge to both theorists and experimentalists, 

not to mention the new problems associated to the microgravity environment. According to Sherman 

(1978) [216] zero-g testing aboard aircraft indicates that the incorporation of a porous material within 

the Dewar to capture the liquid can solve the sloshing problem, but this is by no means clear because 

of the superfluid velocity component which may not be impeded by the porous material unless very 

narrow channels are used.  

4.4 Trends toward lower temperatures 

The performance of IR bolometers under low-background radiation is greatly enhanced by operation 

at the lowest possible temperatures. For instance, Sherman (1978) [216] indicates that operating a 

bolometer at 0,3 K as opposed to the 1,8 K, which can be reached by He4 Dewars, results in a noise 

equivalent power reduction of an order of magnitude or more.  

The simplest way for reaching temperatures significantly below 1 K is by using a He3 cooler. He3, 

which is an isotope of helium, presents two favorable characteristics which are well suited to this aim. 

First, the vapor pressure of He3 is at all temperatures higher than the vapor pressure of He4. The ratio 

of He3 to He4 vapor pressures is 74 at 1 K, 610 at 0,7 K and 9800 at 0,5 K (Lounasmaa (1974) [138]). 

Second, there is no He3 film. A He3 bath may thus be pumped via a wide tube at the low temperature 

and, without need for a narrow constriction to impede film flow.  

The normal boiling point of the He3 is 3,19 K, its critical temperature and pressure are 3,32 K and 

1,16x105 Pa respectively, and its heat of vaporization is less than half that of He4. In addition to its low 

heat of vaporization, He3 presents the drawback of its extreme expensiveness, approximately 250 $/l 

under normal pressure and temperature conditions (106 m3 of liquid correspond to 0,6 l of gas at 

normal conditions). This high cost of He3 urges using closed-cycle coolers.  

Lounasmaa (1974) [138] presents the basis of He3 cryostat design and describes several laboratory 

apparatus. Figure 4-1 shows a ground-based closed-cycle He3 cryostat, intended to cool three 

bolometers to 0,3 K, and which is designed, fabricated and being tested by NASA Goddard Space 

Flight Center. The heat load (60x106 W) is absorbed by vaporization of the He3 as it is pumped via 

charcoal adsorption. Under normal operating conditions the charcoal canister is kept at about 1,8 K by 

thermal switching to the He4 Dewar. When all the liquid He3 (5x106 m3) is adsorbed, the cycle is 

reversed by opening the thermal switch and heating the canister. As the charcoal is warmed to about 

40 K the adsorbed He3 is driven off and is subsequently condensed in an internally finned condenser. 

The He3 then flows back into the container. The heat switch in then closed, cooling down the charcoal 

to 1,8 K, and starting up a new cycle.  
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Figure 4-1: He3 cooler being developed by NASA. From Sherman (1978) [216]. 

Critical problems in the adaption of the basic He3 cycle to spacecraft are, according to Sherman (1978) 

[216], the capillary system sustaining the He3 in the cup, and the structure capable of surviving launch 

while limiting heat leaks to extremely low values.  

A similar He3 cryostat, developed for the cooling of bolometers in ballon-borne astronomy and 

aeronomy experiments has been flight-tested (Torre & Chanin (1978) [240].  

There are three methods presently available for cooling to 102 K and below. These are: the He3/ He4 

dilution refrigeration, Pomeranchuk cooling, and adiabatic nuclear demagnetization. The principles of 

all three are presented in Lounasmaa (1974) [138]. The first and last methods are being considered for 

103 K spacecraft coolers. The dilution refrigerator operates continuously, it is quite simple in 

construction and easy to operate (systems for terrestrial laboratory use are commercially available), 

but presents many zero-g fluid management problems that do not exits with adiabatic 

demagnetization. This last technique, however, is basically a single-cycle method of cooling, after 

demagnetization the system begins to warm up and, thence, can be only used in single shot-type of 

experiments.  

4.5 Mechanical refrigerators 

Mechanical refrigerators will be required for providing cooling over lifetimes of the order of years. A 

great deal of effort has been expended for the last ten years in the development of these devices. An 

account of the several types, their development problems, and the state of the art (mainly) up to 1982 

is given in Clause 5 of this Part. A long-lifetime (2 yr to 5 yr) mechanical cooler with stable and 

consistent performance is still to be developed.  

The spacecraft mechanical coolers that have received the greatest attention, among the many 

refrigerating cycles available, include reverse Brayton-cycle, Stirling-cycle and Vuilleumier-cycle 

machines.  

The ideal reverse-Brayton thermodynamic cycle is described in Clause 5.2 of this Part. This ideal cycle 

is not thermodynamically reversible. Further, with this cycle it is difficult for machinery to achieve 

high efficiency, especially for small coolers.  

The reverse-Brayton thermodynamic cycle can be approximated with turbo machinery systems. These 

cooling systems have a long-lifetime potential because its high rotational speed (above 10 rpm) 

Full document details: PD CEN/CLC/TR 17603-31-14:2021

http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-14-2021
http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-14-2021


CEN/CLC/TR 17603-31-14:2021 (E) 

47 

allows the efficient use of gas bearings. Coyler et al. (quoted by Sherman (1978) [216] describe a 

detailed design study of a turbo-refrigerator for space application, with nominal cooling loads of 1,5 

W at 12 K and 40 W at 60 K, 3x10 h lifetime, and a maximum power consumption of 4x10 W.  

Miniature refrigerators based on the reverse-Brayton thermodynamic cycle use the rotary-

reciprocating mode of action. In the rotary-reciprocating system (clause 5.2) the pistons used to 

compress (or to expand) the working fluid are rotated as well as reciprocated. ArthurD. Little’s rotary-

reciprocating refrigerator (clause 5.2 and clause 5.2.1) employs reciprocating motion for refrigeration 

action and rotary motion to allow the use of gas bearings for long-lifetime potential. In accord with 

Sherman (1978) [216], no complete test program for these coolers has been performed up to this 

moment.  

Stirling-cycle refrigerators (clause 5.2) have been employed in aircraft and short to medium duration 

space missions. Several Stirling-cycle refrigerators under development are listed in clause 5.2.1. In 

orbit performance of space-qualified Stirling-cycle refrigerator (rhombic drive) is discussed in clause 

5.2.1.  

Preliminary test results of a magnetically-suspended Stirling-cycle refrigerator, under development by 

North American Philips (see clause 5.2) have been reported by Daniels et al. (1984) [50]. 

The Vuilleumier refrigerator presents many features which offer the possibility of long-lifetime 

operation. These include relatively low bearing loads and a less stringent seal requirement as 

compared to the Stirling-cycle refrigerators.  

The main features of the Vuilleumier refrigerators are described in Clause 5.2 of this Part. These 

refrigerators incorporate regenerators designed for low pressure drop, thus the cooler requires little 

compression or expansion of the working fluid and the displacers separate chambers whose pressures 

are nearly equal at any moment. Consequently, the electric-motor power, bearing loads and vibrations 

are small.  

Several Vuilleumier refrigerators under development are listed in clause 5.2.1. 

NASA Goddard’s Vuilleumier refrigerator program started in 1969. According to Sherman (1978) 

[216], a machine built by Garret Ai-Research met thermal performance goals with 299 W required to 

achieve 7 W of cooling at 75 K. The unit ran 6x10 h without a mechanical fix.  

The US Air Force has had an extensive Vuilleumier refrigerator program during the past decade. 

Much work has been concentrated on the development of three-stage machine with 12 W, 10 W and 

0,3 W cooling loads at 75 K, 33 K and 11,5 K respectively. This machine has a lifetime goal of 2x10 h of 

unattended operation with a maximum of 2,7x10 W of input power. To accomplish these goals, 

parallel development efforts have been carried out by Philips Laboratories and Hughes Aircraft (see 

clause 5.2.1).  

4.6 Low temperature requirements to IR sensors 

Available IR sensors are capable of detecting extremely small amounts of incoming radiant energy, 

provided that extraneous sources of radiant and thermal energy are reduced to levels far below those 

emanating from the target.  

The sources of energy interfering with the detection process are:  

1. Sources other than the target existing in the scene.  

2. Radiation from the sensor optical system.  

3. Excitations of the detector due to its own temperature.  
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The aim of cryogenic cooling is to reduce the effect of the last two sources of interference. The 

following discussion is a summary of a paper by Caren & Sklensky (1970) [37].  

4.6.2 Radiation from the optical system 

The sensor detection capability depends on the ratio of the number of target photons to the RMS of the 

fluctuation in the number of background photons arriving at the detectors during the dwell time of 

the optical system (signal to noise ratio).  

The sources of background radiation from the optical system are the interior of the optical cavity and 

the optics itself. Although the optics have generally a low emittance, most of the background energy 

arriving at the detector comes from the optics, since the radiation from the optical cavity is shielded as 

sketched in Figure 4-2.  

 

Figure 4-2: Procedure to reduce the background flux from the optics. From Caren & 

Sklensky (1970) [37]. 

The monochromatic background power reaching the detector is equal to the power radiated by the 

optics per unit area, per unit spectral bandwith, multiplied by the optics surface area and by the view 

factor between optics and detector.  

The monochromatic power depends on the wavelength, , and its maximum value moves with 

temperature to shorter wavelengths, as expressed by Wien’s law (maxT = 2,8978 x 103 m.K).  

The photon number, corresponding to a given , and leaving the unit area of the emitting surface is 

equal to the monochromatic power divided by the energy carried by one photon, which is 2hc/ (2h 

= 6,6256 x 1034 J.s is the Planck constant, and c = 2,9979 x 108 m.s1 is the speed of light in vacuum).  

To calculate the background photon number flux on the detector, the monochromatic contribution is 

integrated up to the detector cutoff wavelength, c.  

In order to reduce the background power reaching the detector, c (which depends on the 

characteristics of the target) ought to be smaller than max. Since maxT is constant, the detector 

temperature, T, is decreased when the cutoff wavelength, c, is increased. This is illustrated in Figure 

4-3, which gives the detectivity, D*, of the detector as a function of the cutoff wavelength, c, for 

different values of the optics temperature, T.  
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