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Abstract: This paper deals with the problems faced during the research on the insulating structures used in the thermal shielding of flight
recorders. These structures are characterised by specific properties determined by, among other aspects, their porosity. The complex
and coupled heat-exchange phenomena occurring under the operating conditions of the recorders, and in numerous cases combined
with mass exchange, require dedicated test methods. The paper characterises the origin of the research problem, presents a methodology
for comprehensive testing of the thermal propertiesand uses the example of determining the insulating properties of the Promalight
microporous structure ®-1000R. The authors focussed on thermal diffusivity tests performed by means of the oscillatory excitation method.
The measurements were conducted on a test stand to determine the effect the type of gas filling had on the porous structure and the pore
filling gaspressure effect on the temperature characteristics of apparent thermal diffusivity. The authors also conducted research
on the structure’s resistance to direct flame exposure. The analysis of the obtained results enable recognition and characterisation
of the key phenomena of heat and mass transfer; the numerical results exert a significant influence on their application.
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1. INTRODUCTION

Due to the diversity and stringency of the requirements to be
met by flight recorders [6, 10, 14], the very choice of materials for
their construction requires a comprehensive approach. For this
reason, the evaluation of material properties cannot be limited to
the analysis of only selected characteristics, but should take into
account all of them along with possible cross-correlations. This
includes thermophysical parameters, which by themselves do not
characterize the structure holistically. Instead of merely determin-
ing properties such as thermal conductivity, heat capacity, etc.
special focus should be made on determining properties in the
context of the totality of the heat-transfer and the mass-transport
phenomena. The very testing procedures and the reliability and
representativeness of the obtained results are important aspects
here. In fact, the restrictive requirements for the thermal protection
of the recorder enforce the use of modern materials rather than
material structures. A simple construction and operation problem
is becoming a fundamental issue. This problem is underlined by
the question whether it is possible at all to describe the properties
in terms of the classical parameters of the steady state and un-
steady heat-conduction equations [5, 8, 11].

The present paper concerns the study of the fire-resistant mi-
croporous structure of Promalight®-1000R [7]. In this case, the
complexity of heat-exchange phenomena, the coupling of mecha-
nisms and the possibility of mass-exchange phenomena, for
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example in the form of phase transformations, determine the need
for complex measurements with complementary results to deter-
mine individual properties or characteristics. Apart from the ap-
propriate organisation of the overall study [22], in this case, it is
essential to maintain as high a temperature resolution as possible
[19]. High thermal resolution means that subsequent data points
are obtained in such small temperature ranges that the averaging
typical for experimental studies does not distort the temperature
dependence of the measured parameter. With a low measure-
ment resolution, a distorted image of the temperature characteris-
tics is obtained in the ranges of its non-linearity, which applies, for
example, to thermograms in the area of phase transitions. In this
case, it is difficult to compare the test data with different parame-
ters at different temperature resolutions. Difficulties also concern
the conversion of thermal diffusivity into thermal conductivity,
typical for thermophysical research, using the indirect measure-
ment method [12, 13, 19].

According to the requirements of ED 112 norm [6], the record-
er should “withstand” the environmental effects of a flame of
1,100 °C and a heat flux delivered to the walls of no less than
150 kW-mm™2 for at least 20 min in a high-temperature test. In a
low-temperature test, the unit is subjected to an ambient tempera-
ture of 200 °C for 10 h. However, performing a set of measure-
ments over such a large temperature range with all the require-
ments of complementary testing is extremely difficult. As
a whole, however, it is essential to keep the interior with electronic
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modules at a temperature not exceeding 130 ‘C. The examined
microporous material is being considered in the context of internal
insulation. Thus, while developing a test methodology with a
different type of thermal protection for the recorders — using
phase-change materials — this temperature range was the focus of
attention for the research project tasks. The entire study included
weight measurements, thermogravimetric (TG), microcalorimetric,
i.e. dynamic scanning calorimetry (DSC) and heat diffusion tests
by the oscillatory excitation method, as well as tests of the pre-
fabricated product's resistance to a direct flame exposure.

2. MATERIAL STRUCTURES IN EXPERIMENTAL
THERMOPHYSICAL RESEARCH

Due to the generally accepted standards for most test meth-
ods investigating material properties, also thermo-physical proper-
ties, the obtained measurement results are generally reduced to
basic defining relationships, such as Fourier's law of heat conduc-
tion [26]. This is not entirely correct, for even in the case of a
homogeneous solid, the expression of the Fourier—Kirchoff equa-
tion

p cpaa—: = V-(AVT) + qy (1)

from a theoretical point of view makes it impossible to apply the
formula commonly used in experimental practice [5, 21] for the
determination of thermal conductivity of form

AT) = p(T) a(T) cp(T) (2)

While maintaining a high temperature resolution, this approx-
imation is acceptable. However, in the case of heterogeneous
materials, there is a problem of determining the resultant proper-
ties. For scalar parameters, the homogenisation relationships take
form [9]

Cp = zgicp,iv P= zri(pi)p,r
i i (3)

However, in the case of thermal conductivity only for a steady
state and simple parallel or series assembly geometries, the
relationship becomes complicated to form:

-1 -1
)\cd,series = [Ziri()\pr,i) ] , )\cd,parallel =

i ri}\pr,i (4)

Geometrically complex systems, including porous structures,
require much more complex formulations [2, 23]. In addition, heat
transfer phenomena, i.e. convection and radiation, are the rule for
porous structures. The following compound formula [5] should be
treated with great caution, due to the coupling between mecha-
nisms and the tensor-like general nature of thermal conductivity:

}\apparent =Aa + A0 + A Aea = f(}\cd,ir ri=
1,..., n) (5)

according to which the contributions of individual phenomena are
additive.

The heterogeneity of the structure, its irregularity, the problem
of anisotropy and the couplings that cause the behaviour of the
physical system to differ from those anticipated by the defining
laws do not end the problems. An additional difficulty arises from
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the need to take into account first-order phase transformation
phenomena, which cannot be included as an input to the specific
heat. The situation is somewhat bettered by both the statistical
scattering of the experimental data the instrumental averaging of
results under differential approximations [19]. This provides a
basis for interpreting the results of measurements of classical
thermo-physical parameters in terms of one of the following rela-
tionships:

A AT,p,..)
a=—— ws. a(T,p,..)=——""
by Topr) =

AT.D,.) (6)
vs. a(T,p,...) TP [ah(g,Tp,...)]p

However, it is important to emphasize the need for caution-
when interpreting experimental data and the need to describe
them accurately. In particular, a precise distinction must be made
between effective and apparent properties. In analogy to pro-
posals [4, 16], the parameters that are shaped when only one
physical mechanism is present should be considered as resultant.
Apparent properties refer to the contributions of other processes,
e.g. the contribution of convection or radiation to heat transfer with
a diffusive description.

Due to the limited framework of this paper, the above method-
ological considerations do not provide an introduction to an in-
depth analysis of the experimental results characterised below.
They do, however, justify the need to present the results in an
extended form — not only as the final result of a measurement
under heat-stabilised conditions, as recommended by many ther-
mal analysis textbooks [25], but also with a description of the
process of obtaining the final result.

3. EXPERIMENTAL STUDIES

The concept of comprehensive research includes not only the
idea of joint evaluation of the results obtained, but also the inter-
dependence of the measurement procedures (Fig. 1). Maintaining
the appropriate order of research and the joint use of data deter-
mined at a given stage has both methodological and practical
justification. When using the indirect method of determining ther-
mal conductivity [11, 12], it is calculated from the density, specific
heat and thermal diffusivity data according to relation (2). From a
practical point of view, it is recommended to first conduct micro-
calorimetric tests and then other measurements with thermograv-
imetric tests. During the TG test, the thermal resistance of the
sample material can be determined, among others, based on the
revealed phase-transition temperature or decomposition tempera-
ture. This, in turn, allows for the proper determination of the tem-
perature range of the remaining tests. However, it is crucial to be
able to jointly evaluate the obtained thermograms to properly
determine the properties of the tested material.

Weight, thermogravimetric, microcalorimetric, flame resistance
and heat diffusion characterised by effective/apparent thermal
diffusivity tests were carried out as part of this project. While
investigating the thermal diffusivity two factors shaping the behav-
iour of the porous structure were taken into account, namely
temperature variation and pressure variation of the gas filling the
pores. The object of research was the microporous structure of
Promalight®-1000R high-temperature insulation. According to the
manufacturer [7], it is an opaque glass fibre-reinforced colloidal
(pyrogenic) silica blend with an open pore structure. Selected data
from the product information sheet are shown in Tab. 1. Based on
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data on the effective density of the structure (Tab. 1) and the
literature value of the silica density given at 2,650 kg-m™3, the
porosity of the material can be estimated at approximately 90%.
Samples for testing were prepared from a flat panel, approximate-
ly 10 mm thick.

Tab. 1. Material properties of Promalight®-1000R [7]

p =320 kg'm™3 (default for RT)

t(°C) 200 400 600 800
A (W-m'-K-") 0.022 0.024 0.029 0.039
cp (J-g7-K) 0.92 1.00 1.04 1.04

RT, room temperature.

Gravimetric TG
|
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B DSC : i ! DMA !
o) ¥ (R ETET)
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Fig. 1. Schematic diagram of the interdependence of the individual
thermo-physical property tests, highlighting measurements
not performed (dashed line) as part of the implementation
of this project. DMA, dynamic thermomechanical analysis; DSC,
differential scanning calorimetry; TG, thermogravimetry

3.1. Flame resistance tests

Due to a high demand for this type of material (which resists
degradation during a prolonged operation at elevated tempera-
tures [27, 29, 30]), an attempt was made to determine the effect of
flame action on the material structure by measuring the tempera-
ture at the rear surface. The samples prepared for testing were
cylindrical in shape with a diameter of approximately 50 mm and a
thickness of approximately 10 mm. The tests were conducted on a
test stand, designed by the authors. The test duration equalled
180 s. The sample was mounted on a fireproof board made of
plasterboard. A Ceresit high-temperature filler was used for the
gap between the sample and the casing, with a resistance tem-
perature of up to 1,500 °C. J-type thermocouples (t — ts) were
used to measure the temperature of the rear surface. The tem-
perature was recorded using National Instruments’ SCB (Shielded
Comparator Block) instrument and LabVIEW software. The tem-
perature of the ablation surface (exposed to a flame) of the tested
sample was measured using a pyrometer (Optris, CT model),
along with a head equipped with a laser indicator of the meas-
urement place. For control purposes, the temperature field distri-
bution of the rear surface was also measured using an FLIR i60
thermal imaging camera (ts). Also, a single value of this tempera-
ture was read out over a specified period of time. A detailed
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measurement methodology is presented in Ref.[28].

The obtained result ofthe temperature measurements is given
in Fig. 2. The authors also illustrate the distribution of the rear
surface temperature field at intervals according to the scale in the
picture (Fig. 2). Each measurement made on the rear surface of
the sample using the thermal imaging camera is placed at the
cross-mark position (Fig. 2) on the temperature diagram and
indicated with a red dot (nine measurement points in total). The
measurements from the thermocouples indicate a temperature of
about 65 °C (for thermocouples) after about 180 s of measure-
ment similar to the thermal camera measurement of 68 °C. The
nature of the temperature increase qualitatively is very similar for
all readings for both the thermocouples and the measurement
from the thermal imaging camera, according to the temperature
field distribution in the thermal camera image. Visual inspection of
the flame-exposed surface did not reveal any significant damage
or loss of sample weight. Only traces of soot were visible on the
surface.

300 ~Hoo T 900

250 —g 800

200 700

Temperature ts1 - - Temperature ts2
| Temperature ts3 @ Temperature tth
150 - 5 - Temperature ta : 600

LIR| 41.0 %€

oL °C .y
$FLIR Ezg; $FLIR ;241 ‘& =0
r'j ; \ ;
. Y !
T &. . —

-~

Fig. 2. Diagram with the course of temperature changes on the surface
of the tested specimen exposed to the flame (ta — from remote
measurements) and on the opposite surface (ts — from
thermocouples, tth — IR (infrared) camera), as well as
temperature distributions at selected moments on the opposite
surface.

3.2. Weight measurements and thermogravimetric analysis

A Mettler Toledo AT 262 analytical balance was used to de-
termine the mass of the test samples. The scale has a resolution
of 0.01 mg and a declared accuracy of 0.02 mg. On the basis of
the results of weighing control samples of approximately 15 cm3,
the density was determined as 316+10 kg-m™3. The high meas-
urement inaccuracy is mainly due to the measurement error of the
thickness of the material panel, which is quite brittle and is subject
to the pressure of the measuring tool.

A Netzsch TG 209 F3 Tarsus thermobalance was used to car-
ry out the thermogravimetric tests. The measuring range of the
thermobalance covers the temperature range from room tempera-
ture (RT) up to 1,000 °C, with the resolution equal to 0.1 ug, the
maximum weight range of 2,000 mg, the rates of temperature
change range from 0.001 * C/min to 100 ° C/min and the capacity
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of a standard alumina capsule equal to 85 l. For the measure-
ments, a 14.48 mg sample of crushed material was prepared and
pressed with a punch in an open vessel. The first two of the three
tests performed immediately one after another were carried out in
the range from RT to approximately 130 ° C with a declared tem-
perature change rate of 5 K:-min™. The declared rate of change of
the temperature of the third measurement up to 550 ‘C was 10
K:min™. The findings of the TG tests are presented in Fig. 3.

TG /%
D1[3-1] Value: 130.0 °C, 559.50 %
Onset* 220.7 °C, 99.69 %

] m_0=14 48 mg

100 End® 275.0 *C, 98.58 %

g5 Value: 550.0 °C, 57 .46 %

58 10 Kimin.

971 walue: 130.0°C, 97.95%

96

100 200 300 400 500
Temperature °C
Fig. 3. TG (thermogravimetric) test results — changes in test sample
weight as a function of temperature.

The resulting density measurement is consistent with the
manufacturer’s data. An analysis of the thermograms of the low-
temperature TG test shows a likely effect of moisture release.
Moisture adsorption in the ambient atmosphere (at room condi-
tions) is typical for porous structures. As the temperature increas-
es in the TG test, water evaporates continuously, which causes a
weight loss of several percent. Due to the high enthalpy of water
evaporation, even small changes in mass may have significant
changes visible in the thermograms of other tests, especially
microcalorimetric investigations.This may be reflected in the re-
sults of the other tests. High-temperature measurement shows the
effect of releasing another component at temperatures >200 °C.
The type of substance was not identified and the performed differ-
ential differential thermogravimetry (DTG) analysis is too inaccu-
rate to determine any other details based on it. However, the
indicated onset (beginning of the transformation/decomposition)
temperature of 220.7 °C indicates the macromolecular nature of
the additive.

3.3. Microcalorimetric measurements

DSC i.e. microcalorimetric measurements were performed us-
ing a Pyris 1 power-compensated scanning microcalorimeter from
Perkin-EImer with a temperature range of —30 °C to 600 °C and
RT to 710 ° C, a declared accuracy of enthalpy and specific heat
determination of £ 2% and a capacity of a typical DSC vessel of
25 . The three-curve method [12, 13, 15] was used to determine
the specific heat, with a proprietary temperature variation pro-
gramme [18] used in the study. With the latter, it is possible to
obtain reliable results of specific heat measurement for both heat-
ing and cooling DSC measurement steps — the so-called linear
ramps of constant temperature change rate.

As in the previous case, the test sample with an initial mass of
10.17 mg was subjected to several cycles of thermal forcing.
A comparison between the results obtained with the first heating
cycle and the results obtained in a subsequent measurement,
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after the sample condition had stabilised, is shown in Fig. 3. An
analysis of the results confirms a supposition that moisture ab-
sorption has a fairly large effect on material properties, at least on
the metrological scale. The increased specific heat values are
related to enthalpy changes due to water release. These effects
subside with subsequent cycles of thermal forcing. The results of
a repeated measurement show more than a satisfactory agree-
ment with the manufacturer’s data in the comparative temperature
range (>200° C). They also confirm the transformation effect
observed in TG studies at approximately 230 ° C.

Direct test results of specific heat are not very suitable for cal-
culation purposes. For the representation of the temperature
characteristics and possible conversions, the numerical data were
therefore processed using splain function approximation proce-
dures [17]. Splain functions allow the irregularity of the waveforms
to be reproduced for essentially any continuity class. The result of
the approximation in a graphical form is shown in Fig. 4.

PrDSC: c,

1.1

1.0 m yﬁ_&::_&//
T os Vi e T —
X . et
> 0.8 M s =
~ 0.

- 4/
& 0.7 ‘/’-/ o 15'meas.; heating [
| =T - 2"meas.; heating&cooling
aprox. B-splines
0.6 —e— manufact. specification
0.5
0 50 100 150 200 250
t, °C

Fig. 4. Results of DSC (differential scanning calorimetry)
measurements in the form of specific heat values determined
for successive heating segments (measurement 1) or heating
and cooling together (measurement 2).

3.4. Heat diffusion tests by temperature oscillation

Both in terms of the applicability of the results and in terms of
cognitive aspects, research on heat diffusion is key to the project.
Although the oscillatory excitation method used in this
research, developed in Ref. [1] and subjected to multiple modifica-
tions [3], is to determine the thermal diffusivity and conductivity of
the material under investigation, both the scale of the phenomena
that can be investigated and the research possibilities are much
larger. Particularly when using linear sweep procedures for the
temperature range [20], the possibilities for interpreting the result-
ing signal recordings are greatly expanded. From a metrological
point of view, it is also important to be able to achieve a high
temperature resolution [19].

The ambient atmosphere test stand and test procedures are
described in Ref. [20] where the method modification was pre-
sented. The measurement system allows thermal diffusivity to be
measured within the range of —30 °C to 601C and of-5°C to
110 °C ,depending on the used coolant and the configuration of
the measurement head. In this particular case, the authors used a
different test stand, adapted for testing under conditions reduced
to technical vacuum and increased to approximately the pressure
of 15 bar. This system was developed in connection with the study
of thermal phenomena accompanying the absorption of hydrogen
by metallic powder deposits [21]. Fig. 5 illustrates a component
assembly of the pressure system measuring head. The main
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reason for separating the tests between the two systems is the
difficulty in separating the effect of temperature changes from the
effect of pressure changes in the pressure system.

PP / atm

KCi

Fig. 5. Photograph of the measuring chamber (KCi) of the pressure
system for thermal diffusivity measurement with the test sample
(Pr), 0.5 mm K-type sheathed thermocouples (T0, T1, T2) and
the marked connection point of the vacuum pump/gas tubes (PP)

The results of the behaviour of the microporous structure un-
der varying temperature conditions with repeated thermal forcing
are shown in Figs. 6 and 7. The illustrations contain the deter-
mined thermal diffusivity values of the so-called amplitude and
phase. For the measurements, a thermal forcing with a period of
60 s or 120 s and an amplitude of about 1 K was used. Due to the
limitations of the present study, the authors will limit the character-
isation of the differences between these values to the information
that the two values should be equal, provided the model condi-
tions are maintained without a heat loss [1, 3, 20].However, it can
be emphasised that the Angstrom method is well conditioned
metrologically. If there are deviations from the adiabaticity of the
sample, the thermal diffusivity value is still between the calculated
thermal diffusivity values: amplitude and phase.So, when there
are heat losses from the edge of the sample, the actual value
under model conditions is included between the higher phase and
lower amplitude values [1, 12]. Not only do the boundary heat
losses cause the discrepancy in results,they can also be caused
by phase transformations not taken into account in the basic
model. In the case under consideration, the observed divergence
effect is probably due to the release of moisture from the porous
structure under investigation. The phenomenon is intensified
when the temperature rises. Due to the decreasing vapour pres-
sure and as a result of dehumidification, the effect weakens with a
decreasing temperature. It is also observed becoming less intense
in subsequent cycles (Fig. 6). Drying the sample stabilises its
response to temperature forcing (Fig. 7). The overall results are
consistent with the TG and DSC findings.

Clearly, the properties of the porous structure are shaped by
the properties of the matrix (the structure’s core material) and the
filing. The influence of the type and pressure of the filling gas on
the determined thermal diffusivity values is illustrated by the test
results shown in Figs. 8 and 9. The tests were performed with an
oscillation period of 60 s and similar amplitude parameters of the
external oscillatory forcing as in the previous case. The gases
used for filling, namely helium and dehydrated nitrogen, differ
significantly in their thermal conductivity values under standard
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conditions. The difference reaches one order of magnitude. How-
ever, the thermal conductivity as well as other thermodynamic
parameters of nitrogen are similar to those of atmospheric air. In
order to avoid effects related to moisture sorption, the sample was
first degassed and then the temperature level of the oscillation
(test temperature) was set to approximately 18 IC. Under these
conditions, the discrepancies in amplitude and phase values did
not exceed the level featured in Fig. 7 and the geometric mean
values of each pair— amplitude value, phase value [1, 20] — were
chosen to present the results.

Pr Thermal Diffusivity 15! measurement

0.5
©  amplitude
0.4
heating [ = phase
- o
N‘.” 0.3 o —°
£ -
E [
- 0.2
< B
=0 °
01 e e
cooling
0.0 . . . : . .
-10 10 30 50 70 90 110

t, °C

Fig. 6. Amplitude and phase values of the thermal diffusivity of the
tested structure as a function of temperature for the first two
temperature forcing cycles (open system)
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Fig. 7. Results of thermal diffusivity tests during the first temperature
forcing cycles in comparison with the force-time characteristics
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Fig. 8. Effective thermal diffusivity from measurements performed on
thermally stabilised specimen — without moisture-releasing
effects
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Pr Thermal Diffusivity at: N,, He
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Fig. 9. Geometric mean amplitude and phase values of thermal
diffusivity obtained in pressure tests at a constant temperature of
approximately 18 °C

Pr Thermal Diffusivity at: N,, He
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Fig. 10. Representation of test results in the pressure chamber with a
logarithmic scale of the abscissa axis

Both figures clearly illustrate both the pressure dependence of
the calculated thermal diffusivity values and the quantitative dif-
ferences for the compared filling gases. At pressures close to
normal conditions, the test results for nitrogen filling are consistent
with those obtained in an open system for the same reference
temperature. With an increase in pressure from approximately
0.15 bar to 6 bar, the calculated diffusivity values for the He filling
increased approximately three times and for N2 merely by approx-
imately 40%. It can, therefore, be considered that the conductivity
properties of the matrix (base) are similar to those of nitrogen and
are far inferior to those of helium. The data illustrated in Fig. 10
show asymptotic convergence with decreasing filling pressures.
The relationship can form the basis for an extrapolative determi-
nation of the properties of the microporous structure itself. Taking
into account the measurement results obtained in an open sys-
tem, the value of the design diffusivity for this structure can be
determined to be approximately 9.5-10—-8m2-s™1.

3.5. Analysis of the experimental data

In addition to each individual characterisation of the research
results, it is important to emphasise their compatibility. This ap-
plies primarily not only to the effects of moisture sorption found
with high probability, but also to the irregularity of the thermo-
grams around 230 * C. These phenomena, as well as the results
of the influence of the atmosphere filling the open micro pore
structure, should be taken into account both when presenting the
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test results and when developing representative characteristics.

From the point of view of the formation of the properties of the
investigated microporous structure, the results of the tests in the
pressure chamber are important. In this case, it is worth noting the
relationships shown in Fig. 9 in the context of the contribution of
gas thermal conductivity, in accordance with relationship [24]

Ag = ipg w1 (6)

which determines the thermal conductivity of the undiluted gas.
Since the density of a gas is inversely proportional to pressure
and the mean free path is directly proportional to pressure [24],

(7)

the thermal conductivity should not depend on the pressure. The
thermal conductivity decreases with pressure merely in diluted
gases, which is referred to as the Smoluchowski-Knudsen effect.
In a porous structure, gas dilution is considered in terms of the
ratio of the mean free path to the characteristic dimension of the
object, in this case, the dimension of a single pore. In the transi-
tional area, defined by the following Knudsen number values:

01<Kn<10; Kn=- (8)

Thermal conductivity values change smoothly and the effect of
this can be seen in the results of the thermal diffusivity measure-
ments illustrated in Figs. 8 and 9 in view of relation (2). If the
microstructure distribution were characterised by monodispersity,
meaning equal pore dimensions, the above relationships canbe
used to estimate the characteristic pore dimension. Due to the
polydispersity of the examined structure, topological fuzziness is
superimposed on the transitional range of the physical model and
the issue of evaluating the characteristic dimensions becomes
significantly complicated. Nevertheless, one aspect that does not
need to be considered is the matter of estimating the minimum
distances between the elements of the microstructure. The failure
of the design values of thermal diffusivity to stabilise at a constant
level along with an increase in pressure means that, for some part
of the structure, the investigated heat transport phenomena in the
gas phase still remain in the transient range.

As mentioned earlier, great care must be taken when deter-
mining representative characteristics, as well as when using the
results of heat diffusion tests to determine the resultant or appar-
ent thermal conductivity. However, since the effect of gas density
on mass proportions of the homogenisation relationship on cp (3)
is negligible, and also the contributions of the gas phase to the
resultant density p (3) are small, one may attempt to determine
representative temperature relationships of the three key parame-
ters characterising transient heat transfer for the thermally non-
stabilised state: specific heat, thermal diffusivity and thermal
conductivity. The results of the relevant calculations are shown in
Tab. 2. To determine the value of the apparent thermal conductivi-
ty expressed by relationship (2), a constant density value of 316
kg-m~3, the numerical values of the approximation characteristic of
the specific heat (see Fig.4) and the linear regression relationship
of mean geometric diffusivity results from Fig. 7 have been used.
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Tab. 2. Computational temperature characteristics of the thermo-
physical properties of the Promalight®-1000R microstructure for
the thermally stabilised state

t(°C) cp(J-g1-K") a(mm2s™) AmW-m™.K™)
0 0.681 0.0968 208
20 0.718 0.0967 219
40 0.753 0.0965 23.0
60 0.786 0.0964 239
80 0.817 0.0960 248
100 0.845 0.0960 257
120 0.872 0.0959 264

4. CONCLUSIONS

In the light of the detailed conclusions presented in this paper
and the results of the development of the measurement data, it is
a truism to claim that they all prove the need for comprehensive
testing even when attention is focussed on one selected material
characteristic. This is because the complementarity of research
results allows for proper identification and evaluation of possible
off-model phenomena and effects. This is particularly relevant for
material structures.

From a methodological point of view, the issue of the correct
choice of a method for determining a given property is also im-
portant, especially when the property in question cannot be re-
duced to the category of a real property but is determined in an
indirect manner. In this case, it refers to thermal conductivity. It is
also necessary to properly present the result of the research,
highlighting possible effects conditioned by structural heterogenei-
ty or complexity and coupling of phenomena. In defining repre-
sentative characteristics, it is appropriate to define the reference
condition.

When summarising the test results of the insulating mi-
croporous structure of Promalight®-1,000R, it can be concluded
that they are largely in line with the manufacturer’s declaration
(see Tabs. 1 and 2). The research itself, however, provides a pre-
text for evaluating the used methods and procedures, later ex-
ploited for other tasks of the project. It is also interesting to con-
firm the previously demonstrated capabilities of the oscillatory
excitation method and the pressure measurement system [21] for
research beyond the strict boundaries of practical applications.

NOMENCLATURE
a  thermal diffusivity
(m2-s7")/(mm2-s7")
cp  specific heat (J-g7'-K™) 0
h  specific enthalpy (J-kg™") a

Subscripts

initial state / RT
front surface temperature

g  mass share (/%) am  Amplitude
Kn  Knudsen number cd  conduction
| average free path (m) cv  convection
L characteristic dimension g gas
(m)
m  weight (kg) i component indication
p  pressure (bar) p constant pressure
g  heatrelated to unit mass ph  phase
(Jkg™)
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volume share (#/%) r radiation
individual gas constant s1-  rear surface temperature
(J-g-K™ s3  from thermocouples
temperature (K) th  rear surface from IR
camera

temperature (°C)
specific internal energy Abbreviations
(Jkg™)
volume (m3) Dil  Dilatometry
average velocity of the DMA  Dynamic Thermome-
gas molecule (m-s™) chanical Analysis
linear thermal expansion ~ DSC  Differential Scanning
(K™ Calorimetry
relative expansion i.e. DTG Differential Thermogra-
relative length change (I/ vimetry
mm-m~")
thermal conductivity LFA  Laser Flash Analysis
(W-m™-K™)
dynamic viscosity (Pa-s) RT  Room Temperature
density (kg-m™3) TG  Thermogravimetry
time (s)
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