N
N

N

HAL

open science

Extension of the thermal porosimetry method to high
gas pressure for nanoporosimetry estimation

Yves Jannot, Alain Degiovanni, Marc Camus

» To cite this version:

Yves Jannot, Alain Degiovanni, Marc Camus.

10.1063/1.5020117 . hal-01779916

HAL Id: hal-01779916
https://hal.univ-lorraine.fr /hal-01779916
Submitted on 21 Dec 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Extension of the thermal porosimetry method to
high gas pressure for nanoporosimetry estimation. Review of Scientific Instruments, 2018, 89 (4),


https://hal.univ-lorraine.fr/hal-01779916
https://hal.archives-ouvertes.fr

Extension of thethermal porosimetry method to high gas pressurefor nanopor osimetry
estimation

Y. Jannot, A. Degiovanni, M. Camus

Université de Lorraine, LEMTA (UMR 7563), ENSEMA¥enue de la Forét de Haye, BP
90161, 54505 Vandoeuvre-lés-Nancy cedex, France

CNRS, LEMTA (UMR 7563), BP 90161, 54505 Vandoeulr®Nancy cedex, France

Abstract

Standard pore size determination methods like nmmgrq@orosimetry, nitrogen sorption,
microscopy or X-ray tomography are not suited tghhi porous, low density and thus very
fragile materials. For this kind of materials, athwoel based on thermal characterization has
been developed in a previous study. This methodbas used with air pressure varying from
10" to 1¢ Pa for materials having a thermal conductivitysléban 0.05W m~*K~! at
atmospheric pressure. It enables the estimatigpoid size distribution between 100 nm and 1
mm. In this paper, we present a new experimentaicdeenabling thermal conductivity
measurement under gas pressure up tda0enabling the estimation of the volume fractién
pores having a 10 nm diametdtr is also demonstrated that the main thermal cotity
models (Parallel, Series, Maxwell, Bruggeman, $etfsistent) lead to the same estimation of
the pore size distribution as the extended paraltalel (EPM) presented in this paper and then
used to process the experimental data.

Three materials with thermal conductivities at atpteeric pressure ranging from

0.014Wm 1K !1t00.04 Wm™! K~ are studied. The thermal conductivity measurements
results obtained with the three materials are pteseand the corresponding pore size
distributions between 10 nm and 1 mm are presantddliscussed.

Keywords:. Insulating material, nano-porosimetry, pore sizridiution, thermal conductivity,
pressure, vacuum.
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Nomenclature

a,b Coefficients
Constant depending on gas nature mbar.m.K
Pore size m
Relative uncertainty on parameser
Current intensity A

Number of values in an experimental curve

Number of noised curves simulated

Number of ranges of pore size

Pressure mbar
Parameter number

Random number between -1 and 1

Surface of the heating element m
Reduced sensitivity to the parameter

Temperature K
Voltage applied to the heating element Vv

Fraction of the gas associated to continuous feaf€SP model)
Fraction of the solid associated to continuousdier (CSP model)
Mean free path m
Volume fraction of the phase

Constant in the air thermal conductivity model

Constant of the EPM model

SSPpoWICHPYM - T OZRC—Qa0

A Thermal conductivity of the phase w.nt.K?
0 Density kg.m*
Subscripts

air Air

atm Atmospheric pressure

c Contacts

cp Continuous paths

exp Experimental

i i"™ air phase

j i™ point of the conductivity curve

k K™ noised conductivity curve

mod Modeled

\ Vacuum

S Solid

I ntroduction

Thermal porosimetry is a method developed for thtaration of pore size distribution in a
porous medium. This method takes place as a coneplieta other classical methods such as
mercury porosimet’y®, gas sorptiofi® or imagery®. It is based on the processing of thermal
conductivity measurements performed on a sampleirsetn enclosure with variable air
pressure. For highly porous and insulating matgridle thermal conductivity of the sample is
sensitive to the thermal conductivity of the aidahus to the size of the containing por®@.J.
Lee et af'® already used this sensitivity to deduce infornratabout the pores size from
thermal conductivity measurements under varioupw@ssure values. Felix et*aldevelop a
method to estimate pore size distribution betwe@®d im and 1 mm by processing thermal
conductivity measurements realized under gas pressiarying from 1 to POPa. They also
validate the method with materials having a therasaiductivity lower thar).05 W m~* K1,



In this paper we present a new experimental destiabling the measurement of the thermal
conductivity of a porous medium under a gas pressprto 18 Pa, extending the estimation of
the pore size distribution between 10 nm and 1 mm.

Then the results obtained with three materials witermal conductivities ranging from
A=0.014Wm 1K to 0.04 Wm™! K~ under normal gas pressure are given. Finally the
pore size distributions of each material betweenrhCand 1 mm are presented.

Theoretical background
Thermal conductivity of the air

A highly porous material is mainly composed ofwaiich thermal conductivity is a function of
both its pressure and the size of its containingtgandeed, if the mean free path of gaseous
molecules is high related to the mean distancedmivthe cavity walls, those molecules only
interact with the walls, so that the heat condurcpooperty is governed by the pore size, this is
called the Knudsen effect. As a consequence, poeassan important parameter in the
equation of the thermal conductivity of the airttisaconfined into a pore. For spherical pores,
that equation comes under the f8rm
Ao

Aair(P' d) = m

(1)

With: A,  Thermal conductivity of the air at atmosphericgstge (0.026 W.thK™)
n Constanty = 1.5 for air’
The Knudsen numbéén(P, d) is calculated by:

Kn(P,d) == )

With: d Pore diameter (m)
) Mean free path, its value for ait4s§(P) = 2.27 x 1075 % (3)
T Temperature (K)
P Air pressure (Pa)
Fig. 1 shows that the thermal conductivity of tivedaes not vary in the same pressure range

for different values ofl. It also shows that thermal conductivity of aittle pores with a 10
nm diameter varies significantly only for gas pressvalues between 1@a and 1DPa.
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Figure 1: Thermal conductivity of air vs gas pressure for different pore diameters



Thermal conductivity of porous media

The material is considered as a heterogeneous panedium which global porosity ratio is
&qir = 1 — &, composed of a solid phase characterized byetsital conductivityl, andN

fluid phases (air). Each fluid phase corresponal ¢tass of pore diametéy with thermal
conductivityA,;, ; and volume fractiom,;, ;.

Several models can be used to predict the theromaluctivity of the equivalent homogeneous
mediumAi,,,,q = f(es,ls, eair,i,lair,i). According to Felix et at, the most suited ones for low
density thermal insulators are the parallel moBélY and a combined serial/parallel (CSP)
model developed by these auttfdr3he later one was developed to represent thentiler
conductivity of materials which thermal conductterifies:

Ap=1atm — Ap<10-2mbar > Es s 4)

In this case, the parallel model can no longerasgmt the thermal conductivity on all the
pressure range.
In fact, to estimate the pores size distributiare only needs the form of the cutve= f(P),
the amplitude enabling the estimation of the théloaductivity of the solid phase.
It is thus possible to process only the reducedribeconductivities curves defined as:

* Amod—4o
A= e (5)
Wherel,, is the thermal conductivity fa? — c and4, is the thermal conductivity fa? — 0.
We will show that for low density porous materi@s;, > 0,80), all the main thermal
conductivity models leads to similar curves 10r It is the reason why the thermal porosity
method is a robust method, leading to the sammastin of the pore size distribution
whatever the model used. On the contrary, the estienvalue of the solid phase thermal
conductivity highly depends on the model used.
We have thus chosen the model closer to the phgtite considered materials, i.e. the

parallel model, hence:
« _ Amoa—A A=A
A = mod— 40 __ A~ 4o (6)

Ao—20 Aco) = Ao

Ai—2oi

Aol =Ao
With for the parallel modell; = ;45 + Y €;4; (8)
And: /10" = 85/15 (9)
Thus: Amoq = (Ao — 20) (Aeo) — Agy) X Ei4; 2o (10)

The model used for the estimation called the exddrmhrallel model (EPM) can then be
expressed as:
Amod = VZL‘ gidi + 4o (11)

Wherey andA, are two unknown parameters to be identified.
The figures represent the simulated thermal comdties and their reduced values as a
function of the gas pressure for 8 models and fiyp8s of products representing the products
that will be further studied and a cellular coneret
The models are:

- The Maxwell modéf*: (1)

- The parallel model: (2)



- The series model: (3)

- The Bruggeman modéfs (4), (5) and (6), the last one being the avecfdd) and (5)
- The self-consistent mod&(7)

- The combined series-parallel model ¢SP

The expressions of the thermal conductivity givgriiese models are presented in the
Appendix.

For the comparison, the considered typical poroaterals have two pores sizes, which are
described in Table 1. To be more realistic, we hasexl the properties that have been estimated
from experimental curves.

Table 1. Characteristics of the typical materials considered for the simulations

Nano-T| Super-insulator Pavapor Cellular concrete

d, | 1073 1077 10~* 10~*

d,| 1077 10~8 107> 1077

g | 0.123 0.1 0.104 0.35

g | 0.03 0.45 0.566 0.5

g, | 0.844 0.45 0.33 0.15

As 0.2 0.33 0.26 0.4

a | 0.964 0.958 0.896 0.99989

B | 0.599 0.4 0.544 0.96388

The figures 2 to 4 show that the thermal conduisisimulated with the different models are
quite different but that the reduced ones are ratieesame for three first materials having high
porosities: Nano-T, super-insulator and Pavapor.

B e

l0g(P), (P in Pa) ' log(P), (P in Pa)

Figure 2: Thermal conductivity A (and reduced one 1*) of Nano-T, simulated by different
models

One can wonder if the method could be extendedwei porosity materials such as cellular
concrete (with 0.65 porosity) which characteristios given in Table 1. The eight models have
been tested on this material. Figure 5 shows thtitis case even the reduced thermal
conductivity curves obtained with the different retsdcannot be assimilated to a unique curve.
Thus, the estimated pore size distribution will elegs on the thermal conductivity model used
for the estimation. The thermal porosimetry techrics thus only suited to high porosity
insulating materials with a porosity greater tha800
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Figure 4: Thermal conductivity A (and reduced one A*) of Pavapor
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Figure 5: Thermal conductivity A (and reduced one A*

different models

Nevertheless,

radiation heat transfer may be significant esplciallow density porous media. In fact, since

The presented models only take into account thedwdion heat transfer.

all the experiments are carried out at the sameeeature and radiation is independent on gas



pressure, the contribution of the radiation heamgfer is included in the estimated parameter
independent on the gas pressure, i.e. the theromaluctivity of the solid phase. Particularly,
when the equivalent thermal conductivity is extlaped for a null gas pressure, the obtained
value takes into account both the conduction irstiiel phase and the radiation.

Materials and methods
Materials and devices

This study has been carried out on insulating rmedsefor which density and global porosity

have been measured using a helium pycnometer d&vice

- A super-insulating material with a density= 116.8 kg m~2 and a global porosity,;, =
0.901.

- “Nano-T” commercialized by Final Materials thataa insulating material design for high
temperature applications with a denspy= 247.7kgm™3 and a global porosity,; =
0.877.

- “Pavapor” that is a fibrous wood-based material s@rcialized by Pavatex with a density
p = 1529 kgm~3 and a global porosity,;. = 0.896.

Thermal conductivity measurements have been doimg uke centered hot plate methbd
with 100x 100 mnf cross section samples. The measurement deviceigsee 6) has been
placed inside a chamber in which pressure is cheddetween 16 and 16 Pa. Fig. 1 shows
that the thermal conductivity of the air stops @asing under IbPa if the pores size is lower
than 1 mm. Apparently, the considered materialsehaet any pore greater than 1 mm, so
measuring conductivities at lower pressures thaff P@ would not bring any useful
information.

Thermocoupld’; Sample

Heating element
Sample

Water flow at
controlled temperature

Thermocoupld’,
Thermocoupld;

To pressurized air or

Safety valve
vacuum pump

Figure 6: View of the measurement device

Sengitivity analysis
The choice of the numbér of ranges of pore sizes is based on a sensian&ysis developed



by Felix et at’. According to theilconclusions, the valu¥ = 6 was chosen with the followin
mean diameter values of the pores: 10 nm, 100 pm, 10pum, 100pum and 1 mm

Estimation method

The first step is to measure the thermal condugtvi the materials under different presst
varying between I&and 16 Pa. Typically, the thermal conductivity is measufedat least
four different pressures for each pressure decauld) as represented on figure 7 giving
example of a measurement

Experimental values of the thermal conductivity
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Figure 7: Example of thermal conductivity measurements used for the estimation of pore size
distribution

The inversion process is built on the principlenaihimization of the sum of the quadra
differences given by relation (12)between the thermal conductivigxperimental da 4., ;

and the modeled valuek,,4; calculated using relation (11). Tmeinimization is achieve

using the Levenberltarquardt algorithm. Ththermal conductivityePM model requires to
estimate 8 parameterk;, y and six values otg;,;. The minimization constraints are {
followings:

. 2
min Z§=i(/1mod,i - Aexp,i) (12)
0 < gair,i < 1 (13)
i6=1 Eairi = 1—¢ (14)

Standard deviations of the estimated parameters

Thermal conductivity measurements using the hot plate ntethce deduced from tf

expression:
R el?
/1exp = TIE (15)
With:
e Samplesthickness (i
R,;  Electrical resistance the heating elemenf)
I Current intensity passing through theating element (A)
S Surface of the heating element®)

AT  Temperature difference between the heated surfhdbeosample and the consti
temperature surface (°

Two kinds of errors can be done oese measurements:
- A systematierror on each experimental value of the thermatlaotivity which depends ¢
the knowledge of the thicknee (£ 1%) and of the surface(+ 2%), which introduce



constant deviation equal #03% on the measured values.
- A random error, different for each point due to #wzuracy of the currert measuring

device ¢ 1%) and of the temperature acquisition chain wisakvaluated at 0.1 °C forM"

of 10 °C representing &4 1% deviation. The total random deviation is sanested att 2%

of the measured value.
The error on the global porosity ratio using thdite pycnomete has been considered
constant and equal tb 2%. Finally, the uncertainty on pressure measunésnbas been
evaluated at 5% of the measured value.
Standard deviations of the estimated paramet&s,\, €4;-;) have been calculated by a
statistical method. Modeled thermal conductivitigs,; have first been computed taking the
estimated parameters as nominal values and comgjdée biased value; + de; of the solid
volume fractioneg (so that the uncertainty on the global porositiors,;, is considered);
Then, the obtained values of the thermal condu&/and the experimental pressure values
are noised times as describes by relations (16) and (17):

Pk,]' =P]'+T'k’]' dpP (16)
Akj = Amoa +dA+ 1"y ; dA a7
Wherell<k<Kand:l1<j<]

With:

Ji Number of experimental points of the thermaldtivity curved,,, (P)

K Number of simulated thermal conductivity curdg$P)

Tijr Tk, j Random number (uniform density of probabilityveeén —1 and +1)

dA Maximum value of the systematic errorbdue to the errors anandS

dA’ Uncertainty due to random error bandAT

dpP Uncertainty due to random error Bn

The K noised curvest, (P) have been considered as ‘numerical’ experiments aaset of
optimal parametersly .y, &4:,-;) has been estimated for each curve.

Finally the mean values and the standard deviatminthe K estimated values for each
parameter have been calculated. To have a goastistagpresentatiork has been set to 1000.

Results and discussion

The results obtained by processing the thermal wathdty measurements of the three studied
materials are presented in this part. Measurements then been processed considering the
global porosity ratio as a known parameter meashbyddelium pycnometry.

Figure 8 representing the thermal conductivity &s gressure shows a very good fitting of the
experimental points by the EPM model, with very loesidues centered on the null value.
Figure 9 representing the volume fraction for epate size class shows that a porous material
must contain a high percentage of nanopores taipersnsulating. The estimated pores size
distribution for Pavapor (wooden wool) in the rardigeto 100um is in agreement with the pore
size of wood which mean value is around 4. It could also be noticed that the low volume
fraction of pore with diameter in the range 0@ - 1 mm for super insulator materials could
be interpreted by the existence of point defecglmthe material or at the contact between the
material and the heating resistance on one handbeinveen the material and the thermostated
blocks on the other hand. Nevertheless, the casrepg volume fraction is quite low in each
case.
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Figure 8: Thermal conductivities (experiment, model and residues) vs gas pressure
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Figure 9: Estimated pore size distributions



Conclusion

We showed that it is possible to determine theritligtion of the open pores sizes of a low
density porous material by a thermal method.
Working under gaseous pressure up to 10 bars niagessible to detect pore sizes as low as
10 nm, so that the pore size characterization péisinsulators becomes possible.
The main advantages of this method are the follgsin
- with regard to the classical methods, such as teeumy porosimetry or the nitrogen
sorption, it enables to obtain directly the sizgpofes and not the size of the opening of
pores.
- there is no mechanical constraint applied on tingpda during the measurement, so that
it may be used for fragile materials with very higrosities (up to 99%).
- the method is robust, since it is independent ftoenmodel.
Its main disadvantages are the followings:
- it requires a great number of thermal conductinityasurements (around 20) so that it
may take a long time.
- itis only suited to materials having a high potp$greater than 0.8).
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Appendix

Expressions of the thermal conductivity,,; given by different models for a porous media
with global porosity ratie,;,- = 1 — &, composed of a solid phase characterized byetsrthl
conductivityA, and its volume fractiorn,, andN fluid phases (air). Each fluid phase

correspond to a class of pore diametewith thermal conductivityl,;,.; and volume fraction

Eair,i-

Parallel model (2):

Amoa = Eshs + &11 + (1 — &5 — £1) 4,
Serial model (3):

-1
Amod = (+ +135281)

Combined serial/parallel model (CSP), (8):

Besta(l-gg) (1-B)es+(1-a)(1—&5)
/1‘m0d = [ /1Cp + AC ]

ﬁgsls+0-’[3111+(1 £5—&1)A2]
Bes+a(l-¢gs)
(1 —BlesAs+(1-a)[e1 A1 +(1—e5—€1)1;]
(1-Ples+(1-a)(1-¢s)

With: A,

And: 4,

Maxwell (1):

+(1—&g5—&1) ==~

341
+€1zl +1

2/1 +)lz
3s
245+

Amoa = As 34s (- ) —3As
+€1Zl +A + Es—E&q1

Self-consistent (7):

A A
A =31 [e s € L
mod mod |€s 2 mod+ s + 1 2 mod+1

2
+(1—e&—e) zamoiuz]

Bruggemann(4), (5) and (6):

3 3 3 3
Am0d4 = /15 s /2 + /11 [(Ss + 51) /2 - & /2] +/12 [1 - (Ss + 51) /2]

Am0d5 = As 553/2 + A4 [1 - (1 - 31)3/2] +1, [(1 — 81)3/2 — 853/2]

A _ Amod4+/1mod5
modg — 2

(A1)

(A2)

(A3)
(A4)

(A5)

(A6)

(A7)

(A8)
(A9)

(A10)
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