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Measurement of the thermal conductivity at
cryogenic temperature

For storing and transporting liquid gas, it is useful to know the thermos-physical
properties of materials.

Liquid hydrogen is now an important subject of development.

This study concerns the development of a device for characterizing thermal
conductivity at low temperature
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at Cryogenic tem peratu re 10-13 September 2023

Measuring principle

Measurements on metals

Measurements on conductive films

Measurement of thermal conductivity and heat capacity on composites

The 22 European Conference on Thermophysical Properties www.ectp2023.eu
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Ic Th The principle consists of heating an
J aluminium rod at one end with a constant

power setting and measuring the thermal
gradient along the rod. The expression for

the thermal conductivity A is as follows:
L*xP

_ S*AT
Where P=V.| and AT=Th-Tc

Where L is the measurement length, S is
the cross-sectional area of the rod, P is the
power reading and AT is the temperature
difference at the rod ends.

A

LN2

Aluminium sample
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rod temperature
TC2 Measurement of the cold
bar temperature
Pt100-1 Temperature control
measurement of the
thermal guard
Aluminium vacuum tank
bottom
Heating resistor
Aluminium block ensures
good thermal contact with
the sample
Thermal paste (0.5mm
thick, A=6 W.m .K!)
SAMPLE

Threaded rods
Aluminium plates

PL100-1
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Power supply and

measurement system
+

- :'> To secondary
vacuum pump

. Dewar filled with
liguid nitrogen

Vacuum chamber
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| | TZ (Could be 50K above the
1000 measuring temperature)
Relative thermal 0.1
resistances 01
Convection=
h. AT.S
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Temperature variation for
T(K) different power ratings
100.00 Comparison between this study and NIST data
A
150.00
95.00 T(K)  (W/m/K)) I S
80.62 93.53 140.00 =
50.00 82.50  94.46 130.00
' 84.51  95.37
o 86.45  96.27 120.00
| r_/’—fjJ__ 89.65  97.67 110.00
91.43 98.28
o 90.00
N° sample
75.00 20.00
0 10002000 3000 4000 75.00 80.00 85.00 90.00 95.00 100.00

—Thot —Tcold ——Tmean —e—A (W/m/K)) —e—A (NIST)
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Uncertainties

Uncertainties

Thermal loss
25% Uncertainty on
T
44%

.

Uncertainty on
LetS

uncertainty uncertainty | uncertainty L heat loss
A (W/m/K) 1w and S
AT (W.m1 K1) (W.m-1.K-1) W.m-1.K-1 (W.m-1.K-1)

119.10 2.16 1.19 0.29 1.19

o L ]
* Uncertainty Total
total uncertainty
Uncertainty on (W.m-1.K-1) (%)
' s 23

25% m Uncertaintyon T = Uncertainty on |

® Uncertaintyon LetS Thermal loss
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Measurement on an aluminium grade ECTP 2023

Thermocouple type T Uncertainties 10-13 September 2023
T(K) U(T) (nv)
83.15  -5439 Cooper Coopergy  WV/K du/dT
93.15 -5261 Constantan 20
103.15  -5069 19.5
113.15  -4865 19
123.15  -4648 18.5
18
133.15  -4419 Thot  Teold e
143.15  -4177 '
17
16.5
We need to measure a temperature 1;?
dlfferenee but we peed to know the ;12_5Thot 15
conversion  coefficient  for  the (;53.5 Tcold 70 75 80 85 T(K) 90

temperature difference U13->Thot-Tcold
1K error in absolute temperature = 1% error

Thot-Teold=U13/dU/dT) "N conductivity
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Measurement on an aluminium grade

Conclusion

|t is possible to measure thermal conductivity at low temperatures with an
uncertainty of better than 3%. To do this, the temperature measurement chain
must be mastered

* Metallic materials vary in conductivity by more than 30% depending on annealing
or thermal history

 The data in the bibliography are not sufficient given the variability of the parameter
measured
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DN Glass slide

Glass slide with film
to measure

The aim of this experiment is to determine the thermal
conductivity of the deposited film to increase the thermal
conductivity of the support.
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Measurement on composites Venice ITALY
LW \‘ i. - 10-13 September 2023
}\‘:‘A/ ‘l\ “ i
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The conduction in the glass slide is :

A-S

Where P is the injected power, A the conductivity of the glass, S the
section of the glass blade and AT the temperature difference
between the upper and lower part

P-l

Cverrez)t'szﬁ
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The power passing through a sample placed on a glass plate is expressed:

Aechantillon ) Séchantillon T Cverre

P = - AT
lechantillon
We can write :
C 1 S _ P - lechantition C
échnatillon="'echantillon ° Péchantillon — AT - Lyperre
The conductivity is :
1 . Céchnatillon
echantillon — S
échantillon
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C-brut (P*1/AT)
(W.m/K) 1.06E-02 6.72E-04 4.91E-04 4.63E-04

65.21 65.8 65.55 65.6
9.00E-04  1.80E-05 2.00E-04

0.0506

9.83E-03 0.0002087 2.7854E-05

215.8 463.8 5.571

e C3isapolymerloaded with carbon nano-tube

* The graphite is a commercial form of compacted graphite
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Measurement of thermal conductivity and heat capacity on FCTP 2023
composites

The 22" European Conference on Thermophysical Properties

10-13 September 2023

Epoxy carbon composites are
anisotropic and it is necessary to
measure in both directions.

Two configurations are required.
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composites Jenice [TAI
10-13 September 2023
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; . Hypotheses: 10-13 September 2023
? e 1D transfers
C
2 * No lateral losses
_cc% L,; = 50mm * Isothermal support (6,= 0)
L& * Silicone = material without inertia = thermal resistance
g . ! * Thermal contact resistance “sample-aluminum”: Rc = 10-4
1 A 2 _
L, = 5mm m-.K.W-1
X * Negligible probe contact resistance
Ly = 17mm Valeurs utilisées (cas a 77K)
Silicone £Ls = 0.5mm M ¢ 0. kg—l
g Sample (1) 1730 2.46 x 10
0
Aluminum (0) 83.5 2700 348 88.87 x 106
Filled silicone 3
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Measurement of thermal conductivity and heat capacity on

composites
0
2 {ﬁZ/

Silicon

i, \

FCTP 2023

\/ . B ;I';,, | ‘.\[l.'/
VENICE ’ |ALY

h(a,L,;) sinh(a; L) 10-13 September 2023
cosh(a
Q21 - 1721 /11611
Ajaysinh(a;L,q)  cosh(aqL,q) -
ba1 Avec a1 = a_1
sinh(a;Lyo)
cosh(a4 L
Q10 = (a1L10) Lo
v Aiaqsinh(ayL,y) cosh(aqyLqg)
1
L1o LR
= (s
z Ore = (0 ) )
Lo
sinh(ayLg) o
h(a,L jw
0 =| € (eoLo) o e @ = [
Aoagsinh(agly) cosh(agLy)
1 RS L
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Measurement of thermal conductivity and heat capacity on  FCTP 2023
composites Venice [TALY

92 o 1 Quadripole chain T, to T,: 10-13 September 2023
4 P2~
3\ _ 5o\ 0
w (@22) = [Mzo] (@Z) = [Mo] <¢>o)
£ | | Ly
3 with: Mol = (220 12°) = [Qaa] X [Qu0] X [Qael X [Q0] X [0

~ We obtain: 6, = Byo X @ . .
g, o« ! sopain: - T A Transfer function calculation
\¢/1 J L10 FromT,to T,
A 6o\ _ 0
Lo () = el (o) = 1 ()

Silicon @ “Ls withs Mol = (50 57) = [010] X [Qne] X [00] X [0

g ~
° We obtain: 0, = B1y X @y 5 B
Transfer function H(f) = = =2
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Measurement of thermal conductivity and heat capacity on FCTP 2023

composites

0.02

-0.02

¥ -0.04f

-0.06

-0.08

Faonction de transfert

10-13 September 2023

For data at 77K

From:

107°Hz < f < 107 'Hz

“Static” verification: estimation of A1 from the value
of the low-frequency transfer function

L21

/11,estim =

1
(R10+RC+RO+RS)X<W_1>

We obtain:
M estim = 3.9994 W. m-1. K1

Instead of: A =4W.m 1K1
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Measurement of thermal conduct

composites

13 September 2023

10

Phase de |a fonction de transfert

Module de la fonction de transfert

For data at 77K

600 |-}
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Measurement of thermal conductivity and heat capacity on FCTP 2023
composites

\ J . |
,u":‘,'.v“l \"”
! | n.r~ P-4 1
VoI HTUL )

Sensitivity stud
y study 10-13 September 2023
Vector of parameters to consider (9 parameters in total):
For data at 77K
P = {A1;a1; Lag; L1g; Re; Ag; ag; Lo; Rs}
Calculation of reduced sensitivity coefficients: _ oH
Ci=pi X5~
Di
N H(p;") — H®;)
As H is not analytically differentiable "simply", we approximate the sensitivity coefficients from the C; =p;

P —p;

calculation of the transfer function for two values p; and p;” of the parameter p;:

p; = 1.01 X p; and p; = 0.99 X p;

The 22 European Conference on Thermophysical Properties www.ectp2023.eu



Measurement of thermal conductivity and heat capacity on EC]’P 2023
composites

\IIIH ‘l

Sensitivity study 10-13 September 2023

Coefficients de sensibilité du Module de la fonction de transfert Coefficients de sensibilité de la Phase de la fonction de transfert
0.15 —F F F F 600 ¢ F F - - E
K
/}\
400
0.1 2/(‘
> 200
0.05 . see Zoom
s o500, “* | m) nextslide
> 0 P :)\ ] i
Rivasinssiues: TR . =il
\Va SISV Y . - LXEH,
= — HLY
k= ) N
< %Xkﬁ
-0.05 4 490 u{ﬁﬁ\
j —c— K1 -600 QE
0.1 7 —=—al | | —c— k1 X
QuisiEE=E ]D[}EE}E}ELE_BBE i =121 S i
S\ES% L10 -800 = L21
% - Re —<L10
Xk ¥ kO —+— Rc Ei
-0.15 L a0 | < kO
Lo 1000 5o il
—+— Rs LO
—*— Rs
-0.2 i i i i -1200°¢ F T FREEE
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Measurement of thermal conductivity and heat capacity on FCTP 2023
composites venice |17

Coefficients de sensibilité de la Phase de la fonction de transfert Modulus of transfer function : 10'13 SeptembEI' 2023
R R R A A R B * Mainly sensitive to L,; et Ly,
AR A o «  Sensitive to diffusivity of sample for central frequency
e Sensitive to thermal conductivity at low temperature

L)

*

*

forf >2x 10~2Hz, modulus is not sensitive

% Le module de la fonction de transfert n’est pas sensible a la diffusivité thermique
de lI'aluminium

% Les parametres suivants sont corrélés:

* Conductivité thermique de I'’échantillon

* Conductivité thermique de I'aluminium

* Résistance de contact et Résistance du film silicone
* Longueurs L, et L,

*

The phase of transfer function :

* sensitive to L,, and thermal diffusivity (corelated)
* Less sensitive to the other parameters

« Not sensitive for all parameter for f < 10~*Hz
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Measurement of thermal conductivity and heat capacity on  FCTP 2023
compostes o

Conclusion:

* The low-temperature measurement chain needs to be
mastered.

« Bibliographic data is not sufficient for modelling
systems.

« For certain metals the thermal conductivity changes
after having undergone annealing cycles.
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Thank you for your attention

Jean-Pierre MONCHAU?, Laurent IBOS?, Eliott CARMINATTI-ROUSSET?, Léo RAOULT?

(1) THEMACS Ingénierie, 2 bis rue Alfred Nobel, 77420 Champs-sur-Marne, France
(2) CERTES/Université Paris-Est Créteil, 61 Av. du Général de Gaulle, 94000 Créteil, France

Contact: monchau@themacs.fr

—
Themacs CERTE
Ingenierie T ST
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Measurement on an aluminium grade

Uncertainties

Calculation of uncertainties:

* The uncertainty in the voltage has been neglected as it is very small.

* The uncertainty on the current | is taken as 1% according to the
characteristics of the device.

* The heat losses taken into account correspond to the conductive and
convective exchanges for a primary vacuum, i.e. a convection
coefficient equal to 2 W.m=2 .K1 (P=10-3 mBar)

* The error on temperature difference is take at 0.02°C

* Dimensional uncertainty assessed by taking into account the max
and min areas of several section measurements.

* Negligible uncertainty on the distance between the two
thermocouple

The 22 European Conference on Thermophysical Properties www.ectp2023.eu



