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A widespread method to describe the effective thermal 
conductivity leff [W/(m∙K)] of porous media is the superposition 
of thermal conductivities representing the occurring heat transfer 
mechanisms (s. Eq.1).

with:
lg  Thermal conductivity representing the heat transfer through 

the gas phase [W/(m∙K)]
ls  Thermal conductivity representing the heat transfer through 

the solid phase [W/(m∙K)]
lr  Thermal conductivity representing the heat transfer by thermal 

radiation [W/(m∙K)]
lc  Thermal conductivity representing the heat transfer by coupling 

effect [W/(m∙K)]

Investigated models:
The following list shows sources of some of the most promising 
models investigated:
> Thermal conduction through gas: [1], [2], [3], [4]
> Thermal conduction through solid: [5], [6], [7]
> Heat transfer by thermal radiation: [8], [9]
> Coupling effect: [4]

Thermal Insulation Materials:
The insulation materials used to analyze the mathe-matical models 
were coarse grained expanded perlite (cep), s. Fig. 1, measured values 
from [10], fine grained expanded perlite (fep), s. Fig. 2, measured by 
the author and opacified fumed silica (ofs), s. Fig. 3, measured values 
from [11]. Relevant material properties are listed in Table 1.

DVS measurements showed that the water sorption leads to a 
swelling of the PET films followed by a clustering mechanism 
to a densification [1]. These physical phenomena, driven by tem-
perature and humidity, appear at relatively short times (typically a 
few days) and contribute to the embrittlement of PET. In the long 
term, this leads to a loss of mechanical properties of the laminate 
and to delamination at the polymer-metal interfaces.

At longer times, water leads to PET hydrolysis. This chemical 
degradation has been demonstrated in the outer layers of 
different laminates over time by IR spectroscopy using different 
markers [2]. The formation of carboxylic acids and an increase 
in the crystallinity, characteristic of the chains scission 
phenomenon and therefore of the hydrolysis, occurs from 
400 days of exposure at 70°C/90 %RH. A more local study by IR 
microscopy allowed an individual analysis of the internal layers 
of PET of laminate aged on VIPs. The three layers of PET of the 
envelope exhibit a very homogeneous degradation after 450 
and 870 days of ageing. After 870 days, this can be explained 
by a very advanced state of degradation of the barrier envelope. 
After 450 days, the homogeneous degradation in the enve-
lope can be related to the aluminium layers which don’t act any 
more as barrier for water molecules. A simple observation indi-
cates a loss of aluminium at interface. These observations were 
supplemented by EDX coupled with SEM. The determination of 
the chemical composition of the surface examined shows a lack 
of aluminium. Aluminium dissolution would be made possible by 

the PET hydrolysis. The hydrolysis induced the carboxylic acid 
which can be responsible for a pH decrease at PET/aluminium 
interface and thereby promoting corrosion of aluminium.

Moreover, dimensional measurements on the individual polymeric 
films of laminates [3] have shown that a temperature increase 
could lead to anisotropic shrinkage of the polymers, caused by 
internal stresses resulting from the manufacturing process. 
If the polyolefin films PE and PP exhibit anisotropic shrinkage  
after 200 days at 70 °C, the metallised PET, probably stabilised by 
the aluminium layer, does not shrink. The differences in shrinkage 
between PE / PETM1F or PP / PETM1F appear to be the origin 
of delaminations localised at laminates interfaces. They re-
sult from the mechanical relaxation of internal stress and form 
perpendicularly to the shrinkage direction. The resulting stresses 
at interface caused the shearing of PU adhesive. The latter 
proved to be the weak point of the interface in laminate. In 
fact, a more detailed study of delamination at the PP / PETM1F 
interface after 200 days of ageing by FTIR-spectroscopy 
revealed, on the one hand, the chemical degradation of the 
adhesive by hydrolysis and, on the other hand, a cohesive 
rupture at the interface. The degradation of the adhesive is made 
possible by the loss of the barrier properties of the envelope, 
but mainly by the transfer of the water molecules via the welds, 
the weak points of the laminate. Indeed, the delaminations are 
observed firstly at the level of the welds [4, 5].
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Figure 2 Identification and classification of defects and their origin in laminates after ageing at 70 °C/90 %RH 
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related to the aluminium layers which don’t act any 
more as barrier for water molecules. A simple 
observation indicates a loss of aluminium at interface. 
These observations were supplemented by EDX 
coupled with SEM. The determination of the chemical 
composition of the surface examined shows a lack of 
aluminium. Aluminium dissolution would be made 
possible by the PET hydrolysis. The hydrolysis 
induced the carboxylic acid which can be responsible 
for a pH decrease at PET/aluminium interface and 
thereby promoting corrosion of aluminium.  
 

Moreover, dimensional measurements on the 
individual polymeric films of laminates [3] have shown 
that a temperature increase could lead to anisotropic 
shrinkage of the polymers, caused by internal 
stresses resulting from the manufacturing process. If 
the polyolefin films PE and PP exhibit anisotropic 
shrinkage after 200 days at 70 °C, the metallised 
PET, probably stabilised by the aluminium layer, does 
not shrink. The differences in shrinkage between 
PE / PETM1F or PP / PETM1F appear to be the origin 
of delaminations localised at laminates interfaces. 

They result from the mechanical relaxation of internal 
stress and form perpendicularly to the shrinkage 
direction. The resulting stresses at interface caused 
the shearing of PU adhesive. The latter proved to be 
the weak point of the interface in laminate. In fact, a 
more detailed study of delamination at the 
PP / PETM1F interface after 200 days of ageing by 
FTIR-spectroscopy revealed, on the one hand, the 
chemical degradation of the adhesive by hydrolysis 
and, on the other hand, a cohesive rupture at the 
interface. The degradation of the adhesive is made 
possible by the loss of the barrier properties of the 
envelope, but mainly by the transfer of the water 
molecules via the welds, the weak points of the 
laminate. Indeed, the delaminations are observed 
firstly at the level of the welds [4, 5]. 
 

5. Conclusions and outlook 
 

Thanks to the study of different films, laminates or 
VIPs aged under severe conditions for different times, 
it was possible to identify and classify on a time scale 
all the existing defects (Figure 2). For each type of 
flaws, the associated degradation mechanisms have 
been identified. Thus, it was possible to discriminate 
the two main mechanisms of the polymer-metal 
multilayer degradation. The first is the chemical 
degradation by hydrolysis of PET and PU adhesive. 
The second is the microstructural and mechanical 
properties modifications.  
Acknowledgements 
The authors acknowledge the ANR (French National 
Research Agency) for its financial support of the 
EMMA-PIV project n°12-VBDU-004. This work was 
performed within the framework of the Center of 
Excellence of Multifunctional Architectured Materials 
(CEMAM) N°AN-10-LABEX-44-01. 
 

References 
[1] F.Dubelley et al. J.Polym.Sci.Pol.Phys 55 (2017) 309-319 
[2] F.Dubelley et al.J.Phys.Chem.B 121 (2017) 1953-1962 
[3] F.Dubelley et al Eur.Polym.J 87 (2017) 1-13 
[4] F.Dubelley et al. Symposium IVIS2013 (2013) 
[5] E.Planes et al. J.Mater.Sci. 46 (2011) 5948-5958 

t0 96 200 450 87055048

C
om

po
ne

nt
s

• PET swelling
• PE, PP shrinkage 
• PU hydrolysis 

• PET hydrolysis

• Aluminum loss
• PET/PP delamination La

m
in

at
e• PET hydrolysis

• PU hydrolysis
• Aluminum Corrosion
• PET/Al Delamination
• Delamination of all bonded interfaces

• PET/PE delamination 

• PU hydrolysis

VI
P

• PET hydrolysis – No gradient degradation
• PET/PP delamination

• PET hydrolysis – No gradient degradation
• PU hydrolysis
• Aluminum Corrosion
• PET embrittlement
• Delamination of all bonded interfaces
• PET/Al delamination

• sealing 
degradation

(PE, PP)

0 j 870 j48 j 96 j 200 j 450 j 550 j

 Fig. 1 
Identification and classification of defects and their origin in laminates after ageing at 70°C/90 %RH

Conclusions and outlook
Thanks to the study of different films, laminates or VIPs aged under severe conditions for different times, it was possible to 
identify and classify on a time scale all the existing defects (Figure 2). For each type of flaws, the associated degradation 
mechanisms have been identified. Thus, it was possible to discriminate the two main mechanisms of the polymer-metal multilayer 
degradation. The first is the chemical degradation by hydrolysis of PET and PU adhesive. The second is the microstructural and 
mechanical properties modifications.

References
[1] F. Dubelley et al. J.Polym.Sci.Pol.Phys 55 (2017) 309-319
[2] F. Dubelley et al.J.Phys.Chem.B 121 (2017) 1953-1962
[3] F. Dubelley et al Eur.Polym.J 87 (2017) 1-13

[4] F.Dubelley et al. Symposium IVIS2013 (2013)
[5] E.Planes et al. J.Mater.Sci. 46 (2011) 5948-5958

Acknowledgements
The authors acknowledge the ANR (French National Research Agency) for its financial support of the EMMA-PIV project n°12-VB-
DU-004. This work was performed within the framework of the Center of Excellence of Multifunctional Architectured Materials 
(CEMAM) N°AN-10-LABEX-44-01.

Abstract
In this work published mathematical models describing heat transfer mechanisms 
through porous materials were analyzed and compared respectively fitted to 
measured thermal conductivities of three different free flowing vacuum insulation 
materials. These materials were coarse grained and fine grained expanded perlite 
and opacified fumed silica. The models described in [2, 4, 7, 9] showed good results 
in terms of predictability and deviation from the measurements.

Analysis of Mathematical Heat Transfer Models 
for free-flowing Vacuum Insulation Materials

Keywords:
Free-flowing vacuum insulation, 
mathematical models, 
perlite, 
fumed silica.

S. Langa* 
D. Bestenlehnera 
H. Drücka 

R. Marx
a  Research and Testing Centre for Thermal Solar 

Systems (TZS), Institute of Thermodynamics 
and Thermal Engineering (ITW), 
University of Stuttgart, Pfaffenwaldring 6, 
70569 Stuttgart, Germany

*  Corresponding author: 
Tel. +49 711-685-63614 
lang@itw.uni-stuttgart.de

POSTER 13

 Introduction
Free-flowing vacuum thermal insulation materials can be utilized where rigid and 
vacuum tight walls surround the insulation volume, which can stand the forces 
induced by the vacuum pressure. Utilizing free-flowing materials, a smaller mass of 
thermal insulation material is needed compared to compressed thermal insulation 
materials with higher bulk densities, as e.g. used in vacuum insulation panels.
In this paper some results of the analysis of different mathematical models, 
describing the different heat transfer mechanisms through porous media are 
presented. These models were analyzed with regard to their suitability to describe 
the heat transfer mechanisms in free-flowing expanded perlites and opacified 
fumed silica by comparing the calculation results with measured values determined 
by the author and from available measurement results described in the literature.

The aim of this work is to identify respectively develop a mathematical model that 
can determine the ideal mixture of different thermal insulation materials for a 
certain application, depending on temperature, vacu-um pressure and bulk density. 
This mathematical model will also be applied to design the thermal insulation for 
an ultra-high temperature energy store within the research project “AMADEUS”, 
supported by the European Union (s. Acknowledgements).
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Fig. 1: Coarse grained expanded perlite (cep). 
 

  
Fig. 2: Fine grained expanded perlite (fep). 
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Fig. 3: Opacified fumed silica (ofs) [11]. 
 
Table 1: Some relevant material properties of the 

investigated thermal insulation materials 

Material mean pore 
size [µm] 

bulk density 
[kg/m³] 

Rosseland mean 
extinction coefficient 

[m²/kg] 
cep 44 76 [4] 43 [4] 
fep 30 183 43 
ofs 13 [11] 45 [11] 90 [11] 

 
 
3. Results and discussions 
 
To examine the capability of the different models to 
predict the effective thermal conductivity of the three 
investigated thermal insulation materials, the results 
of the calculations are compared with measured data. 
These measured data of the effective thermal conduc-
tivities are either determined by the author or taken 
from [10] and [11]. The models described in [2] for the 
heat transfer in gas phase, in [7] for the heat transfer 
in solid phase and in [9] for the heat transfer by 
thermal radiation show the best results compared to 
the other investigated models. The coupling effect 
was modeled according to [4]. The models for the 
heat transfer in the solid phase and the coupling effect 
contain adjustment parameters that cannot be deter-
mined by material properties. Thus, these models are 
not predictive. These parameters were determined by 
fitting to the measured thermal conductivities at the 
highest and lowest air pressure. The results of 
measurements and calculations are shown in fig. 4 for 
cep and in fig. 5 for fep. 
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Fig. 4: Results of measurements and calculations for 

cep at 53 °C. 
 
With the models described above, the measured val-
ues can be reproduced very precisely. The highest 
deviations occur between 1 and 10 mbar, at the high-
est slope of the curve. This could be explained with in-
accuracies of the pore size determination or the mo-

del for the heat transfer in the gas phase. The 
influence of the coupling effect is higher for fep com-
pared to cep due to the smaller grain sizes and thus 
more contact spots where the coupling effect can 
occur.  
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Fig. 5: Results of measurements and calculations for 

fep at 48 °C. 
4. Conclusions and outlook 
The selected models suitably quantify the heat 
transfer mechanisms in free-flowing vacuum thermal 
insulation materials. However, it is necessary to find 
measurable or predictable parameters to create pre-
dictive models for the heat transfers through the solid 
phase and for the coupling effect.  
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Fig. 3: Opacified fumed silica (ofs) [11]. 
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parameters were determined by fitting to the measured thermal 
conductivities at the highest and lowest air pressure. The results 
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Conclusions and outlook
The selected models suitably quantify the heat transfer mechanisms in free-flowing vacuum thermal insulation materials. Howe-
ver, it is necessary to find measurable or predictable parameters to create predictive models for the heat transfers through the 
solid phase and for the coupling effect.
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The type and distance of bearing for the VIP, the amount and 
positioning of the laser devices to measure the movement of 
the foil surface or the number of lift-off repetitions within one 
measuring process are among others influencing factors on the 
measurement data. Before the validation tests of the foil lift-off 
by comparison with a pressure gauge were started, the following 
boundary conditions were found to be reasonable during compre-
hensive test series at FIW. A rectangular bearing is used (250 x 
250 mm) to prevent the specimen from deflection. In addition to 
that, the test rig separates the VIP from the bottom of the vacuum 
chamber and helps to reduce deviations due to deformations of 
the whole vacuum chamber. The restriction of the measurement 
area by a square shaped profile on both sides of a VIP leads to 
acceptable results throughout the tested amount of specimen. 
No additional wrinkles are occurring and the lift-off distance 
of the foil away from the core is not restricted to small values. 
Additional weight has to be added to the lightweight aluminum 
profile on top of the specimen. A total weight of 3 kg is sufficient. 
The resulting setup is depicted in Fig.1. Five lift-off sequences at 

each measurement are performed and the first one is discarded 
due to possible adhesion of the foil to the fleece or the core. The 
lift-off of the foil is reasonable up to a distance of approximately 
5 mm. The ventilation of the vacuum chamber in between the 
lift-offs should be up to a pressure level of at least twice the 
pressure when proceeding lift-off took place.

Abstract
The internal pressure of a VIP is a suitable indicator to determine the ageing 
process of VIPs needed for the estimation of the thermal performance over time. 
To date only indirect methods like the foil lift-off technique are used as there is 
no accurate and cheap internal pressure sensor available. The foil lift-off technique 
is the widest spread measurement method due to some advantages in the 
implementation and because of the convincing theoretical principle.
This measurementmethod is up to now without any regulations by standards 
nor exist comparative measurements via directly connected pressure gauges. 
The investigations conducted within the scope of this study are aiming at this 
validation of the foil lift-off technique and the definition of boundary conditions.
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 Introduction
The foil lift-off method is treated as the reference method to determine  
the internal pressure of VIPs [1] [2]. This indirect measurement method is used 
for more than a decade now without any evidence or comparison to a direct 
measurement method. This means, it was never shown how close the lift-off 
pressure readings are to the actual internal pressure. Detailed information neither 
on how to conduct a measurement nor about processing gained data is available. 
According to FIW experiences, there are several influencing factors on the result 
of the pressure measurement.

 Definition of Boundary Conditions

Fig. 1 
Bearing setup for internal pressure 
measurement in a vacuum chamber
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1. Introduction 
 
The foil lift-off method is treated as the reference 
method to determine the internal pressure of VIPs [1] 
[2]. This indirect measurement method is used for 
more than a decade now without any evidence or 
comparison to a direct measurement method. This 
means, it was never shown how close the lift-off 
pressure readings are to the actual internal pressure. 
Detailed information neither on how to conduct a 
measurement nor about processing gained data is 
available. According to FIW experiences, there are 
several influencing factors on the result of the 
pressure measurement. 
 
The lift-off method is used in two versions for 
measuring the internal pressure of VIPs: 
 The evacuation chamber method on a whole VIP 

(e.g. integrated in the Vacuum-Press) 
 The suction bell method on a small section of a 

VIP envelope (e.g. for factory production control 
(FPC)) 

 
Both methods make use of one or more laser distance 
measuring devices that measure the distance to the 
surface of the foil while constantly evacuating the sur-
rounding - the whole evacuation chamber or the 
space under the suction bell. The pressure at which 
the envelope starts to move away from the core is 
considered to be equal to the internal pressure of the 
VIP. 
 
2. Definition of Boundary Conditions 

 
The type and distance of bearing for the VIP, the 
amount and positioning of the laser devices to 
measure the movement of the foil surface or the 
number of lift-off repetitions within one measuring 
process are among others influencing factors on the 
measurement data. Before the validation tests of the 
foil lift-off by comparison with a pressure gauge were 

started, the following boundary conditions were found 
to be reasonable during comprehensive test series at 
FIW. A rectangular bearing is used (250 x 250 mm) to 
prevent the specimen from deflection. In addition to 
that, the test rig separates the VIP from the bottom of 
the vacuum chamber and helps to reduce deviations 
due to deformations of the whole vacuum chamber. 
The restriction of the measurement area by a square 
shaped profile on both sides of a VIP leads to 
acceptable results throughout the tested amount of 
specimen. No additional wrinkles are occurring and 
the lift-off distance of the foil away from the core is not 
restricted to small values. Additional weight has to be 
added to the lightweight aluminum profile on top of the 
specimen. A total weight of 3 kg is sufficient. The 
resulting setup is depicted in Fig.1. Five lift-off 
sequences at each measurement are performed and 
the first one is discarded due to possible adhesion of 
the foil to the fleece or the core. The lift-off of the foil 
is reasonable up to a distance of approximately 5 mm. 
The ventilation of the vacuum chamber in between the 
lift-offs should be up to a pressure level of at least 
twice the pressure when proceeding lift-off took place. 
 

 
Fig 1: Bearing setup for internal pressure 
measurement in a vacuum chamber 
 
 

The lift-off method is used in two versions for measuring the internal pressure of VIPs:
>  The evacuation chamber method on a whole VIP (e.g. integrated in the Vacuum-Press)
>  The suction bell method on a small section of a VIP envelope (e.g. for factory production control (FPC)).

Both methods make use of one or more laser distance measuring devices that measure the distance to the surface of the foil while 
constantly evacuating the sur-rounding - the whole evacuation chamber or the space under the suction bell. The pressure at which the 
envelope starts to move away from the core is considered to be equal to the internal pressure of the VIP.

Fig. 5 
Results of measurements and calculations for fep at 48°C




