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Abstract

The specific heat capacity of building insulation materials is rather difficult to be
determined using the conventional calorimetric methods. This is due to the small
samples required for these methods which are not representative of the insulation
material. Larger samples would not fulfill the requirements of the lumped system.
Methods based on the transient heat transfer using heating wires or planes are com-
monly quick but less accurate measurements as they only consider the volume near
the surface of the sample and need additional corrections and calibrations. The
present investigation is based on a transient temperature control procedure using a
common guarded hot plate device, which is normally used to determine the ther-
mal conductivity of insulation materials. The procedure was performed on two dif-
ferent materials: one wood-based (wood fiber) and one mineral-based (expanded
perlite). The results show a value of about 1200 J-kg™!-K~! for the former and
600 J-Kg~".K™! for the latter. This method can also be extended to other thermal
insulation materials for building application.

Keywords Expanded perlite - Guarded hot plate - Insulation materials - Specific
heat - Transient heat transfer - Wood fiber

1 Introduction

The usual calorimetric method to determine the specific heat capacity of materi-
als is based on the simple principle of immersing a sample of the material which
has been in thermal equilibrium of an environment of temperature T, into a calo-
rimeter with a certain amount of water kept at a temperature of T,. Based on the
resulting equilibrium temperature T, together and the sample mass, the specific heat
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capacity of the latter can be calculated. This rather straight forward method is per-
fect for homogeneous and dense materials with medium to good thermal conductiv-
ity (>0.2 W-(m-K)™") [1]. The matter differs for insulation materials of low density
(<200 kg-:m~) and low thermal conductivity (<0.05 W-(m-K)™"). First, the size of
the sample for low density materials must be chosen larger to get enough mass and
hence enough thermal energy to be detectable by the measuring device. Another
point is the matter how representative a small sample is due to inhomogeneity in
the insulation materials itself. The third point is the assumption that the tempera-
ture distribution within the sample is considered uniform i.e., the so-called “lumped
system analysis” is considered applicable [2]. The criteria for this are linked to the
“characteristic length” of the sample (1) to be immersed in the water and the “Biot
number” (2):

L,=V/A (1)
where V is the volume (m?), and A is the surface (m?) of the sample and
Bi= (heL,)/4, )

where & is the heat transfer coefficient for convection between the surface of the
sample and the water (well stirred to reach a homogeneous temperature) and A, the
thermal conductivity of the sample.

The assumption for a uniform temperature distribution within the sample is appli-
cable only if

Bi<0.1 3)

Considering a sample of 5x5x5 cm® size, a thermal conductivity of

0.04 W-(m-K)~!, and a typical convective heat transfer between water and sample
of 100 W-m~2K~! [2] a Biot number of over 25 will result. Even with a wooden
sample with a thermal conductivity of 0.15 W-mK ™! the corresponding Biot number
will be larger than 5. In both cases, the criterion for the “lumped system” will not be
fulfilled. Any smaller sample size which would reduce the Biot number would not
be representative of the insulation material under investigation.

There are several other methods to determine the specific heat capacity of insu-
lating materials. They are all based on the transient heat transfer dominated by the
thermal diffusivity a (m?-s~!). This parameter depends in turn on the three major
properties of the material namely the thermal conductivity A, the density p, and the
specific heat capacity c:

a=A/(pec) 4

In order to get the value of the specific heat capacity of a material by using the
transient methods, its density and thermal conductivity have to be known or approx-
imated by some calibration measures.

Mann et al. [3] determined specific heat thermal conductivity for glass and other
semi-transparent materials from dynamic temperature data in the early 1990’s. This
was done by using a unique technique to obtain high-quality dynamic temperature
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data from glass test plates using thermocouples fused to the glass, a method not
applicable to building insulation materials. Another more adequate method was
reported by Bouguerra [4] using a transient plane source technique. This method
detects a temperature increase due to electrical heating of a pair of samples and
makes use of an electrical resistance circuit to measure the dissipated heat. It results
in a rather local value of the thermal diffusivity and makes use of numerical approx-
imations in its analysis.

Boumaza and Redgrove used the transient plane source technique for the determi-
nation of thermal conductivity of extruded polystyrene [5] but did not report about
the specific heat capacity although they measured the value of the thermal diffusiv-
ity of the insulation samples. Ohmura et al. determined the specific heat of a stand-
ard mineral wool specimen at temperatures between 100 °C and 1000 °C by means
of a specially developed apparatus based on the drop calorimeter method which is
also a transient method [6]. They assume homogeneous temperature distribution in
the sample and reach an accuracy of + 10 % with respect to the declared standard
value. Using the measured transient temperature response, Zhao et al. used a spe-
cial numerical method to identify the equivalent radiative properties and thermal
conductivities of fibrous insulations [7]. The corresponding specific heat was not
determined but taken from a previous publication. Park ef al. suggested a lumped
parameter circuit representing a building thermal model using thermal-electric anal-
ogy [8, 9]. They identified the circuit components the thermal resistor and the ther-
mal capacitor from the heat balance equation and experimental results. The method
is applicable to whole buildings but not to single materials. Luo e al. made use of
a finite volume scheme and Fourier analysis to calculate the thermal capacitance
(defined as the product of density and specific capacity) and thermal conductivity
for a building construction layer from monitored inner/outer surface temperatures
and heat fluxes [10]. This is an elaborate procedure and needs in situ measurements
on the construction itself and less adequate for testing insulation materials as such.

Barreneche et al. reported on a device developed at the University of Lleida
[11] to determine the specific heat capacity of gypsum blocks at lab scale. This
was mainly designed for characterizing Phase Change Materials (PCM) added to
the gypsum. Czajkowski et al. reported that high accuracy required for the specific
heat measurements of wood-based materials was achieved only for experiments
with high-mass samples, in contrast to traditional Differential Scanning Calorim-
etry (DSC) measurements with smaller samples usually less than 100 mg [12]. They
estimated a minimum sample size of 0.7 dm> and designed a special calorimeter for
their purpose. Barreca et al. used also infrared thermography and heat flow meters
to evaluate the overall capacity of whole building components using on-site meas-
urements [13]. An elaborate review dealing with several methods of calculating the
heat capacities of materials, with the aim of providing an overview of the thermal
behavior of lightweight insulation materials has been made by Ricciu et al. [14].
The authors proposed a simple method able to evaluate the specific heat capacity
of real scale building materials with high porosity, low thermal conductivity, and
low density. They used the transient method, in which a heat flow meter apparatus
was used in a climatic chamber to measure the thermal conductivity of the tested
material to determine its specific heat capacity. Lakatos et al. reported on thermal
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conductivity and specific heat capacity measurements executed in a Netzsch 446
small equipment. According to them, this apparatus measures specific heat capacity
by heating the sample on a step-by-step basis, while the two plates are maintained
precisely at the same temperature [15]. No further elaboration of the measurement
details has been supplied. It seems clear that the method was based on measuring a
transient heat distribution.

A previous publication of one of the present authors [16] reported on the deploy-
ment of a heat flow meter apparatus with two identical insulation material samples
to determine their specific heat capacity making use of a numerical identification
method and a thermal distribution simulation to analyze the measured thermal
response to the imposed heat steps. The present investigation is based on a transient
temperature control procedure and makes use of a common guarded hot plate (GHP)
which is much better controlled than a heat flow meter apparatus and has the higher
precision in adjusting and maintaining temperature levels on its hot and cold plates.
Additionally, the whole apparatus is kept in a fully insulated box to minimize the
influence of the air temperature of the lab.

2 Materials

There are many thermal insulations for buildings on the market based on differ-
ent primary materials. Two different types of materials were chosen to perform on
them in the present investigation. One of them is a wood-based material generally
known to have a higher specific heat capacity than mineral-based or polymer-based
insulation materials, and the other is a perlite insulation i.e., mineral-based (Fig. 1).
For the measurements in the GHP, two samples of each material were cut and put
together to have an overall size of 900 mm X900 mm. Some of their properties are
summarized in Table 1. The values for the thermal conductivity at 20 °C for all sam-
ples have been determined previously by means of the GHP apparatus according to
the respective European CEN Standard [17].

As the following measurements are basically in the transient state, moisture trans-
port and redistribution can also take place. To get an approximative value for this, it

Fig. 1 Samples of wood fiber and expanded perlite insulation materials
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Table 1 Summary of the material properties of the investigated samples

Material Density [kg~m_3] Therm. Conductiv- Thickness [mm]  Length & width [mm]
ity [W-(mK)™"]

Wood fiber 104+4 0.038+0.002 60.3+0.1 800 x 800

Expanded perlite 96 +4 0.045 +0.002 59.0+0.1 900 % 900

is necessary to know the sorption isotherms of the investigated materials. This has
been done using 4 samples of 100 mm X 100 mm of each material and conditioning
them in a climate chamber at different levels of relative humidity. Figure 2 shows the
respective sorption isotherms of the wood fiber and the expanded perlite.

At a relative humidity of 50 % of the air in the lab, the amount of moisture uptake
is low for the wood fiber and relatively modest for expanded perlite. Knowing that
diffusive moisture transport is much slower than heat transfer at temperature gradi-
ents of 10 K, the redistribution of moisture will not have a detectable influence on
the results. This is since the samples for the GHP measurements have been condi-
tioned at 23 °C and 50 % rh previously and the whole lab is kept at this climate.

3 Measurements

The measurements were carried out in a guarded hot plate apparatus (Netzsch Tau-
rus Instruments) which is installed in a box and can measure thermal conductivity of
materials and composites in both vertical and horizontal position. For our purpose,
the single plate horizontal configuration had been chosen. A schematic representa-
tion of the two sample halves is shown in Fig. 3. The dotted line at the center shows
the metering area within which the heat flow lines are kept unidirectional (no lateral
heat flow). In this configuration, a compensation heating element (white in Fig. 3) is

Sorption Isotherm

16 ——' Wood Fibre 104 kg/m3

‘| Expanded Perlite 96 kg/m?3

Moisture content [kg/m?3]

0 10 20 30 40 50 60 70 80 90 100
Relative humidity [%]

Fig.2 Sorption isotherms at 23 °C for the investigated wood fiber and expanded perlite boards
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Outer box (black line)
Insulation around (yellow)

Upper cooling plate (blue)
Compensation heating element (White)
Heating plate (red), 5 Thermocouples
First sample half

5 Thermocouples between halves

Second sample half

|

Lower cooling plate (blue), 5
Thermocouples
Insulation around (yellow)

Thermocouple for box air

Fig. 3 The schematic representation of the guarded hot plate (GHP) apparatus with samples and 15 addi-
tional thermocouples represented by 3 dots. For the present investigation, the single plate horizontal con-
figuration i.e., a heating plate on top and a cooling plate at the bottom was used. The dotted rectangle
indicates the metering area (drawing not to scale)

installed between the heating plate (red in Fig. 3) and the upper cooling plate. The
temperature difference between the compensation heating plate and the heating plate
is kept below 0.01 K so that no heat flows upwards but only downwards through the
two sample halves. Figure 4 shows one of the sample halves of the wood fiber insu-
lation together with the additionally installed thermocouples (type K) represented by
the round dot at the center of Fig. 3. The thermocouples for standard tests (type K)
are not shown.

The first step of the measuring procedure was to build up a constant temperature
gradient between the warm and the cold plate and reach a steady state. This status
has been monitored by the additional thermocouples placed on the warm and the
cold side as well as between the two sample halves. At a certain point of time, the

Fig.4 One of the measured sample halves with the additional temperature sensors (Type K) placed
between two identical samples. The surface indicated in light red is the metering area
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Fig.5 Model of the sample con-
figuration used for the numerical
analysis including the applied
mesh. The yellow part repre-
sents the insulation surrounding
the samples. The heating and
cooling plates were just taken
as boundary conditions (Fig. 6). Meshes whose
The two samples are represented .
in light and dark brown (Color mean temperature is
figure online) compared with the
measured values

Fig.6 The Boundary conditions applied to surfaces of the model: on the left the top view from the exter-
nal side, blue representing the hot plate and pink the air in the box of the apparatus in the center the
bottom view, green representing the cold plate and pink the air in the box of the apparatus and finally
left with a bottom view from the internal side The white parts represent adiabatic boundary conditions
(Color figure online)

temperature set point of the heating and the cooling plates (or only one of them)
was changed. This started a transient regime and the thermocouples between the two
sample halves began to follow the change. At the final step, a new steady state was
reached, and the measurement ended then. The temperature evolution between the
two sample halves is the quantity that depends on the thermal diffusivity (4) and by
inserting the measured values of density and thermal conductivity of each material
(Table 1) as input into the numerical simulations, the specific heat capacity can be
derived out of it as explained in the following chapter.

4 Numerical Simulations

The aim of the numerical simulations is to reproduce the measured temperatures as
accurate as possible where the only unknown input parameter is the specific heat
capacity. The evolution of the temperature distribution between the two sample
halves, beginning first from a steady state and passing through a transient state and
finally ending in another steady state has been calculated by VOLTRA [18] as a
comparison to the measured values. To reduce calculation time, the symmetry was
exploited by modeling only a quarter of the total sample configuration within the
guarded hot plate (Fig. 5). The surfaces and the corresponding boundary conditions
applied to them are shown in Fig. 6. These boundary conditions are the measured
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temperatures on the warm (Fig. 6 blue), the cold (Fig. 6 green), and in the guarded
hot plate apparatus itself (Fig. 6 pink), respectively. Further, there are the adiabatic
boundary conditions on top and bottom of the surrounding insulation layer (Fig. 6
white, left, and center) as two temperature boundary conditions cannot intersect in
a numerical calculation. These are approximations made to limit the model whose
influence is assumed to be limited due to the insulation layer around the samples.
There are also those adiabatic boundary conditions (Fig. 6 white, right) which are
due to geometrical symmetry to have the smallest representative model to keep time
of computation at minimum.

A time step of 30 s, a maximum heat flow divergence for the whole object of
0.001 % and a mesh with 20'181 nodes has been used for all calculations.

5 Results and Discussions

The measured temperatures for two identical wood fiber samples on the warm
side, between the two samples and on the cold side, are depicted in Fig. 7. They
clearly show that after about 800 min (13 h), a steady state was reached. Then, at
about minute 1080 (x-axis), the temperature on the warm side decreases (W1 to
WS5) because of regulating the heating from 26 °C down to 12 °C. The tempera-
ture between the samples follows this decrease (M1 to M5). The cold side (C1 to
C5) is kept unchanged at a constant temperature of 5.6 °C. Applying the average
measured warm and cold side temperatures as boundary conditions to the simula-
tion, the temperature between the samples is calculated and can be compared to

Measured temperatures for 2 wood fibre samples
30

—W1l —W2 w3 W4 —WS5

25 —M1 —M2 —M3 —M4 —M5

—Cl —C€2: —C3 ca C5

Temperature [°C]

0 240 480 720 960 1200 1440 1680 1920 2160 2400 2640 2880
Time [min]

Fig. 7 Measured temperatures on the cold side, in between and on the cold side of 2 wood fiber samples
(5 thermocouples each). Standard deviation of the single mean values is around 0.15 K
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18
Node at the center
16 between two sample halves
TN Wood fibre
Measured
T 14 —c=900
o \ —c=1200
=]
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0 240 480 720 960 1200 1440 1680 1920 2160
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Fig. 8 Measured temperature in wood fiber in comparison to 4 calculated temperatures corresponding to
4 different values assumed for the specific heat capacity

the measured values depending on the value for specific heat capacity as the only
unknown (Fig. 8).

A direct comparison between effectively measured temperatures and simula-
tions based on different values assumed for the specific heat capacity is shown
in Fig. 8. The value which corresponds best to the measurements for the case of
wood fiber is clearly c=1200 J-(kg-K)~!. All other curves corresponding to the
three other values deviate visibly from the measured curve. The amount of cor-
respondence between measured and calculated values can be improved by more
precise values using improved iterative simulation procedures so that an accuracy
of + 10 % can be reached.

A similar procedure with slightly different temperature levels was chosen for
the expanded perlite samples. In this case, a steady state was reached where the
cold side was stabilized at 10.6 °C (C1 to C5) and the warm side at 21.0 °C (w1
to W5). At the minute 1285 (x-Axis), both temperatures rise due to the regula-
tion of the cold side to reach 20 °C and the warm side to reach 31.0 °C (Fig. 9).
The temperatures in between follow this increase in accordance with the thermal
properties of the samples. As thickness, density, and thermal conductivity of the
samples are known, the only remaining parameter to be identified is the specific
heat capacity.

Accordingly, a direct comparison between effectively measured temperatures
and simulations based on different values assumed for the specific heat capacity
is shown in Fig. 10. The value which corresponds best to the measurements for
the case of expanded perlite is ¢ =900 J-(kg-K)~!. All other curves corresponding
to the three other values deviate visibly from the measured curve. Here too, more
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Measured temperatures for 2 expanded perlite samples
35
—W1l —W2 —Ws3 w4 W5

300 M1 —m2 —m3 —M4 —M5 ST

—C1 —C2 C3 c4 —Cs5

25

Temperature [°C]

0 240 480 720 960 1200 1440 1680 1920 2160 2400
Time [min]

Fig.9 Measured temperatures on the cold side, in between and on the cold side of 2 expanded perlite
samples (5 thermocouples each). Standard deviation of the single mean values is around 0.15 K

31

Node at the center
26 between two sample halves
Expanded Perlite

o
pa-
o 21
2 Measured
o 7
g —c =700
g 1° —c=900
&
—--c=1200
11 €= 2000
6
0 120 240 360 480 600 720 840 960 1080

Time [min]

Fig. 10 Measured temperature in expanded perlite in comparison to 4 calculated temperatures corre-
sponding to 4 different values of the specific heat capacity

precise values leading to an of +10 % can be reached using improved iterative
simulation procedures.

The results clearly show the difference between wood-based and mineral-based
materials based on sample sizes representative for porous and fibrous building
materials.

The difference in temperature regimes applied to the two materials (Figs. 7 and
9) is to show that there is a variety of possibilities to execute the measurements
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within the boundary conditions of the guarded heat plate and get acceptable results.
The higher the temperature gap at the starting point is, the higher is the accuracy
of the results. But this is limited to the range the guarded hot plate is designed for.

Most producers of building insulation materials supply data sheets which do not
include the specific heat capacity of their products and is some of them do, then it
is not clear with which method these values were determined. This fact makes it
difficult to compare the present results with comparable data. The only way would
be to measure the same material with all different methods which would need more
elaborate investigations.

6 Conclusions and Outlook

The guarded hot plate apparatus is besides its main use to determine thermal con-
ductivity a useful device to also determine the specific heat capacity of building
insulation materials which cannot be done in small calorimeter devices due to the
low density, low thermal conductivity, and inhomogeneous structure of the samples.
The only additional equipment needed are temperature sensors with a corresponding
data acquisition device and a software able to calculate 3-dimensional transient tem-
perature distributions. The accuracy can be improved by choosing a large tempera-
ture gradient between the hot and cold plate as an initial condition from where the
evolution of the temperature starts. This is recommendable for materials containing
only a small amount of moisture, preferably in equilibrium with air of 23 °C and 50
% to 60 % of relative humidity. This is to keep the influence of moisture transport
during the transient procedure at a negligible level. The accuracy of the determined
specific heat capacity can be improved by applying an iterative procedure minimiz-
ing the differences between measurement and calculation. An improved version of
this procedure has the potential to become a standard method to determine the spe-
cific heat capacity at ambient temperatures for this kind of materials. Investigation
is still needed to quantify the influence of approximations made by using adiabatic
boundary conditions between the 3 temperature boundary conditions.
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