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Abstract

The Hot Disk transient plane source (TPS) method allows characterizing the thermal properties
of various materials in a few minutes. Particularly, it is increasingly used for evaluating thermal
conductivity of insulation building materials. However, the results of such measurement
frequently differ from steady state measurements because of the significance of heat transfer
into the Hot Disk sensor. Even if improvements have been proposed for specific cases, they
cannot be generalized, especially for heterogeneous materials like biobased building insulation
materials. The objective of this study is to evaluate all previously evaluated sources of errors
when conducting a measurement with current capabilities of Hot Disk commercial device.
Three types of material are tested: conventional isotropic materials (like XPS), compressible
anisotropic materials (like wood fiber insulation) and heterogeneous anisotropic materials (like
light-earth biobased concrete). The influence of setting parameters (volumetric heat capacity,
temporal bound for estimation) is analyzed in light of repeatability and reproducibility errors.
The suitability of hot disk method based on isotropic or anisotropic model to characterize non-
transverse isotropic heterogeneous materials is discussed and compared with steady state

measurements.
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1 Introduction

In the building sector, external wall thermal insulation is one of the most important issue to
improve energy efficiency and to reduce greenhouse gases emissions. Nowadays, a variety of
building insulation materials are either commercialized or under development [1-4]. For all
materials, the accurate knowledge of thermal properties is extremely important, since it is used
in building performance simulation and it determines some subsidy. Overview of current
experimental methods for evaluating thermal properties can be found in [5]. Steady-state
methods, such as Heat Flow Meter or Guarded Hot Plate, are accurate techniques when
conducted carefully. Therefore, they are rather well adapted to measure thermal conductivity
of insulation materials [6]. However, they require large sample size and experiments may take
a long time in view of reaching thermal equilibrium or hygrothermal equilibrium in case of
moist sample. To shorten the experiments, transient methods were developed. Among them,
the transient plane source technique, commonly referred as the Hot Disk method, was designed
to estimate thermal diffusivity a and thermal conductivity A of isotropic homogeneous solid
materials [7]. According to the standard 22007-2 [8], the thermal properties can be estimated
over a wide range (5 x 107 < @< 10™* m%s™' and 0.01 < A <500 W.m™'.K™") with an accuracy
of 5 % for A and of 10 % for a [9]. In case of insulation materials, this accuracy is however
questioned. Indeed, while a few works observed a good agreement with steady-state methods
[10,11], numerous studies noted that thermal conductivity of dry materials can be overestimated
by 20 to 50 % [12-18]. Several reasons are proposed to explain these differences: uncertainty
in the experimental data and data analysis procedure [19,20] and deviation of theoretical model
associated to the set-up [15,18,21-24]. Particularly, neglecting the finite size of the sensor and,
thus, its thermal inertia and thermal resistance, seems to be a strong assumption when
measuring thermal conductivity of insulation materials [15,18, 23-25]. Coquard et al. [15]
suggested that estimated thermal conductivity may deviate from the exact value when thermal
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inertia of tested material is too different from the ones of the sensor. Zhang et al. [23] showed
that it could be caused by the large heat loss proportion through sensor side. Last, a detailed
analysis performed by Zheng et al. [18] confirmed that errors are mainly correlated with the
radial heat diffusion and loss in the insulation layer of the sensor, but also with the deviation of
temperature distribution in the insulation layer from the ideal case near its interface with the
sample. Interestingly, they proposed an error map as function of thermal conductivity and
thermal capacity for one sensor type, simplified through a convenient polynomial correction
function. Besides, other heat transfer modes like radiation [15], convection [18] or latent heat
transfer [10] are expected to have limited influence on the results obtained with Hot Disk. Note,
however, that these analyses prevail mainly for isotropic materials. Some extensions are
proposed for orthotropic materials which are evaluated with an anisotropic model [25,26].
Unfortunately, not all thermal insulation building materials are isotropic or orthotropic and
some of them are heterogeneous at centimeter scale. This is particularly true for some biobased
materials, like natural fiber insulation [27] or biobased concrete, made of plant aggregate and
binder like lime or earth [28][29]. Even if Hot Disk has been previously used for such materials
[30-32], measurements are performed with only the capabilities that a commercial Hot Disk
Thermal Constants Analyzer can provide in the view of evaluating the influence of some factors
(moisture content, temperature, density, etc.). In this work, we aim to raise questions about the
methodology for the evaluation of thermal properties of two biobased insulation building

materials (wood fiber insulation and light-earth biobased concrete).



2 Materials and methods

2.1 Materials

Fives insulating building materials from the market are tested: polyurethan (PU), extruded
polystyrene (XPS), foam glass (FG), autoclaved aerated concrete (AAC) and wood fiber
insulation (WFI). The four first materials are conventional and supposed to be isotropic. They
are used as reference materials to validate the measurement methodology. The last material is
biobased and transversely isotropic. Their thermophysical properties (declared thermal
conductivity, measured density and specific heat capacity, thermal diffusivity) are gathered in
Table 1. All materials with dimensions 130 x 130 x th mm? (see Table 1) are tested in dry state

after being dried in a ventilated oven at 65 °C [33].

pc,

A Yo, Cp ! a th
e | MIm? K

WmlK'] | [kgm?] | [Jkg'K'] [mm.s!] | [mm]
PU 0.022 31.4+0.1 | 1268 +48 0.04 0.55 50
XPS 0.029 323+0.2 | 1239+13 0.04 0.72 50
FG 0.036 85.1+1.1 817 +6 0.07 0.52 50
AAC 0.150 5228+ 1.4 | 930+8 0.49 0.31 34
WFI 0.038 583+0.6 | 133730 0.08 0.49 40

Table 1: Thermophysical properties of tested materials.

Light-earth biobased concrete is also tested. This material is obtained by mixing hemp shiv and
earth slip according to the setting procedure defined in [34,35]. Here, numerous samples with
density pranging from 250 to 800 kg.m™ are prepared by varying hemp dry mass fraction fiemp
and water to binder ratio W/B (see Table 1). Their compactness C [35], defined as the opposite

of open porosity, vary between 12 and 32 %. Two sets of samples with dimensions of 100 x



130 x 130 mm?® were produced: one to be tested parallel to compaction (P-samples) and one to
be tested perpendicular to compaction (T-samples). All light-earth biobased concrete samples
are dried in ventilated oven at 40 °C [35] and cut in the smallest dimension into two identical
pieces with a diamond disc saw before testing. Figure 1 presents the cut surface of samples P35
and T35. One observes more elongated forms of hemp shiv for sample P35 than for sample
T35. As expected, it means that hemp shiv tends to rearrange perpendicularly to compaction
direction [36]. Finally, light-earth biobased concrete tends to present transversely isotropic
structure, for which P-samples (resp. T-samples) could serve to evaluate through-plane (in-

plane) thermal conductivity.

Name Expected density | fiemp | W/B p C Cp
[kg.m”] [%] | [[] | [kgm?] | [%] | Jkg'K']

T25 250 40 | 2.00 | 255.8 12.6 1097
P35/T35 350 34 | 1.23 305.4 14.5 1074
P35r/ T35r 350 45 | 241 309.2 15.6 1117
P45 / T45 450 23 | 0.87 | 463.1 204 1025
P60 / T60 600 17 | 0.60 651.7 27.7 1000
P80/ T8O 800 13 | 043 755.8 31.2 983

Table 2: Mix ratio and thermophysical properties of light-earth biobased concrete.

Figure 1: Cut surface of samples P35 (left) and T35 (right).



2.2 Methods of thermal characterization

Thermal characterization was carried out by means of three experimental facilities: Hot Disk
TPS 1500 (Hot Disk AB, Gothenburg, Sweden), a home-made guarded hot plate [37] and

micro-DSC III calorimeter (Setaram, Calluire, France).

Hot Disk TPS 1500

The Hot Disk (HD) relies on the transient plane source method [7] to evaluate simultaneously
thermal diffusivity & and thermal conductivity A as follow. A resistive element (usually a nickel
double spiral sensor sealed between two thin sheets of Kapton or mica) is clamped between two
identical samples and electrically heated by a step-wise Joules heating during a user defined
experiment time. The heat flux diffuses into the sample, causing a general increase in the mean
temperature of the sensor over time. This mean temperature increase AT is evaluated by

recording the change in electrical resistance R(t):

R(t) = R, (1 + a(AT(r)))
e= 178 g

0=r%/a
where 7 is the time, R is the initial resistance of the sensor before the transient recording, a is
the temperature coefficient of the resistivity, 6 is the characteristic time, r is the sensor radius.
The mean temperature increase is then analyzed by means of a theoretical model. The main
assumptions of the model are: heat transfer occurs by conduction into isotropic materials, sensor
is placed in infinite medium, sensor is assimilated to uniformly spaced concentric thin rings of
a resistive material, sensor thermal inertia and contact resistance between the sensor and the

samples are neglected. Under these assumptions, it comes:

AT(T) = —2—D(7) (2)

TL’3/ZT‘AHD



where P, is the input heating power, Ayp is the thermal conductivity of the tested material and
D(7) is a dimensionless time function [7].

In a common commercial software (Hot Disk Thermal Constants Analyzer®), two further
points are considered. First, a time correction due to unavoidable hardware and software delays
tc is introduced [8]. This time is generally small compared to experiment’s time. Second, the
mean temperature increase is decomposed into contributions from the sample A7, and the
sensor AT;. The latter is the temperature difference between the heat source and the sample
surface facing the sensor due to heat transfer into thin insulating layers of the sensor and thermal
contact resistance. Nevertheless, A7; becomes almost constant after a short time [23] and only
the contribution of A7 is used to estimate the thermal properties. Practically, the estimation is
done as follows in the software: characteristic time 8, and thus thermal diffusivity a, is used as
fitting parameter to get the best linear proportionality between AT,(t) and D(7) on a given
interval [t; t2]. Then, thermal conductivity Ay is deduced from the slope. If volumetric heat
capacity Oc, is known, only Ay has to be estimated.

The experimental set-up can also be used to evaluate through-plane and in-plane thermal

conductivities of transverse isotropic materials. In this case, Eq. (2) becomes:

Py

AT (z,) = WD(TJ 3)
where 1, and A, are axial and radial thermal conductivities, 7. = \/t/6, and 0, = r%/a,.

Characteristic time 6, is used as a fitting parameter to estimate @, and, thus, A, once the
volumetric heat capacity oc, is known. Then, 1, is deduced from the slope of the curve defined
by Eq. (3).

In this work, experiments are performed with kapton sensors with radii of 3.189 mm,
6.403 mm, 9.868 mm, 14.61 mm and 29.4 mm. Whatever the sensor, the input power and the
duration of the measurement were selected to meet requirements on probing depth,

characteristic time and temperature increase. Repeatability and reproducibility tests are
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performed. For repeatability tests, experiments are run 3 times in a row (without removing the
samples) with a long relaxation time between each experiment to reach thermal equilibrium
again. For reproducibility tests, at least three experiments are performed. Before the
measurements, it was verified that there is no temperature drift of the samples. All experiments
are performed in the lab under ambient conditions (T =23 + 3 °C, rh = 50 = 10 %) and applied
pressure is controlled to ensure good contact between samples and sensor. For hygroscopic
samples like WFI and light-earth biobased concrete, samples and sensor are wrapped in plastic
bag to prevent moisture exchange with ambient air: mass change was always lower than 0.5 %
for all experiments. Analyses of the experiments were based on Eq. (2) for isotropic mode, and
on Eq. (3) for anisotropic mode. Last, the accuracy of Hot Disk experimental set-up was verified

by testing reference steel samples provided by Hot Disk AB.

Guarded hot plate and DSC calorimeter

Thermal conductivities measured by Hot Disk are compared with those measured on Guarded
Hot Plate (GHP) device according to the EN 12664 standard [39]. Here, the same samples are
tested at a mean temperature of 23 °C. Further details on the set-up can be found in [35,37].
The specific heat capacity measurements are carried out using a micro-DSC III calorimeter
(Setaram, Calluire, France) according to the standard ISO 11357-4 [40]. A minimum mass of
20 mg placed in 1 cm® sealed vessels is tested in the temperature range of 5 to 30 °C at
0.2 °C.min’!. Results are gathered in Table 1 for dry samples and in Table 2 for light earth
biobased concrete. For light earth biobased concrete, a mixing law is used knowing the mass

fraction and the specific heat capacity of each constituent [35].



3 Results and discussion

3.1 Isotropic materials

Thermal properties of four isotropic materials (PU, XPS, FG, AAC) are determined by means
of at least 230 Hot Disk tests analyzed with the isotropic model (see Eq. 2). The objective of
this section is to assess the influence of the main factors and to provide some guidelines to

ensure the accuracy of the results.

Setting volumetric heat capacity oc, or not?

Basically, volumetric heat capacity oc, has to be calculated from estimated thermal diffusivity
a and thermal conductivity Ayp. Results obtained for at least 30 tests performed with different
sensors on each material are shown in Figure 2 and compared to DSC measurements.
Differences up to 14 % are observed on pc, between HD and DSC. Furthermore, standard
deviation ranges between 6 and 16 % for HD, while it does not exceed 1 % for DSC. In the
literature, oc, is generally overestimated by HD (+40 % for XPS [15], +12 % for AAC [41]).
This is supposed to be due to a difference in material conditioning [41] or to the influence of
thermal inertia of the probe on the measurement [15].

If pcp is known, it can be used as input. This approach allows estimating only Ay with accuracy
[42]. Indeed, an uncertainty of 1 % on 0c, induces an uncertainty of 0.16% on Ayp. For the
tested materials, setting Oc, has minor effect on estimated Ayp (difference of 1 % between both
approach) and on its precision (same standard deviation). On the other hand, it clearly improves
the precision on @: standard deviation is decreased from 11.6 % to 6.1 %. Based on these results,

it is therefore recommended to set Oc, when it is possible.
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Figure 2: Volumetric heat capacity of various isotropic materials estimated from Hot Disk

measurements or measured by DSC.

Influence of bound for estimation

The bound for estimation ¢; and ¢> should be selected so that the residue (i.e., the difference
between the measured and simulated temperature) are randomly centered on 0, that a minimum
temperature increase is respected, and that penetration depth remains lower than probing depth.
Furthermore, it is recommended to remove the first point to avoid any influence of heat
diffusion through the sensor [9,18]. From sensitivity analyses [9,21], it is also required that
0.33 < 75 < 1, where 75 = t, /6. Despite these recommendations, the interval [t; t2] has to be
adjusted manually by the user and could have an influence on the estimated values. To evaluate
this influence on Ay, a difference analysis is performed [19] by varying the upper bound T,
and the interval length. An example of results obtained on PU with sensor 14.61 mm is
presented on Figure 3. A, tends to decrease with 75 (which is not necessary the case for other
experiments) and converge toward a single value whatever the interval length. More generally,
standard deviation ranges between 1 % (PU, FG and AAC) and 4 % (XPS) and the highest
difference to an a priori estimated value is lower than 3 % (PU, FG and AAC) and 7 % (XPS).
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For all the estimations, the residues are well centered on 0 with a slight signature. The highest
difference between measured and simulated thermogram is observed close to #; (particularly
when AT is higher than 2 K) and confirms the importance of removing the first points in the

analysis.

0.028
'_‘0.027 . °
% : : ¢ 2 20 pt
v-IC S
£ izt P
s A } e 20y ’ A 40 pts
< + 60 pts

0.026 @ 80 pts

0.025

0.0 0.2 0.4 0.6 0.8 1.0

Tzz [-1

Figure 3: Estimated thermal conductivity A, of PU as function of upper bound 73 and

interval length. Measurement is performed with sensor 14.61 mm.

Repeatability and reproducibility of the measurements

Repeatability errors are gathered in Table 3. They do not exceed 4.6 %. The highest error is
obtained for the largest sensor. For the sensor 29.4 mm, the analysis was limited since samples
dimension could not always ensure that penetration depth is lower than probing depth.
Reproducibility is tested for sensors 9.868 and 29.4 mm. While the error does not exceed 3 %
for the sensor 9.868 mm, it may reach 9 % for the largest sensor. Such errors seem not due to
pressure or temperature. For instance, the applied pressure on the samples was varied between
25 and 250 N on XPS samples without any influence on Agp. Similarly, even if temperature

varied slightly in the lab, no significant trend could be observed on the results. On the contrary,
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surface roughness seems to be an influencing parameter. Indeed, XPS samples were cut leading
to one smooth and one rough surface. When rough surfaces are tested, 1y is about 8 % lower
than the one measured for smooth surfaces, whatever the sensor radius. A possible explanation
relies on the role of contact thermal resistance R.: the higher R., the higher shift in temperature
measurement 47}, the lower true temperature variation A7 [21], the higher signal to noise ratio,

the less reliable estimation. This point should be further analyzed.

Sensor radius [mm] | 3.189 | 6.403 9.868 14.61 29.4
PU 02% | 02% | 08% (2.8%) | 3.2% | 4.6 % (4.9 %)
XPS 01% | 04% [3.1%23%)| 1.0% | 0.8 % (2.7 %)
FG 06% | 03% [ 0.7%23%) | 23% | 3.3 % (7.2 %)
AAC 05% | 0.8% [22%(22%) | 1.0% | 1.8 % (8.6 %)

Table 3: Repeatability and reproducibility (in bracket) errors for thermal conductivity Ap of

different materials as function of sensor radius.
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Figure 4: Influence of sensor radius on estimated thermal conductivity Ay of FG.

Finally, repeatability and reproducibility errors are similar to the uncertainty due to bound for

estimation. However, despite good accuracy, results obtained for the smallest sensor radius
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differ by 5 to 15 % from other measurements. This point is highlighted in Figure 4 for FG.
Trofimov et al. [11] made similar observations and suggested that this is due to heat loss through

connecting wire. Besides, residue tends to decrease with increasing sensor radius.

Hot Disk vs Guarded Hot Plate

Considering the low uncertainties on HD measurement, a mean thermal conductivity is
calculated for each material from all experiments (except the ones performed with sensor 3.189
mm) and compared to GHP measured value. Results are gathered in Table 4. For isotropic non
compressible insulating building materials, a good agreement is found between both methods.

Similarly, the maximal difference observed in the literature do not exceed 5% (except for AAC
which presents a larger volumetric heat capacity) [41,43-46]. These finding are coherent
regarding the error analysis proposed by Zheng et al. [18]: here, thermal diffusivity of tested
samples is close to the one of Kapton [15,18,23,25] and, thus, thermal conductivity
overestimation should not exceed 5 %. Thermal conductivity of isotropic non compressible

insulating building materials can be accurately measured with the HD device.

Guarded Hot Plate Hot Disk Difference measured in
Difference

Mean Std-dev. Mean Std-dev. the literature
PU 0.0279 11.5% 0.0269 4.3% -3.9% +4.6% [43]
XPS 0.0329 11.6% 0.0328 4.1% -0.5% +1 ... +4% [44, 15, 11]
FG 0.0390 8.3% 0.0392 5.9% 0.7% +3% [45]
AAC 0.1478 6.0% 0.1482 5.7% 0.2% +8 ... 13 % [41, 46]
WFI 0.0400 4.2% 0.0504 6.6% 26.1%

Table 4: Mean thermal conductivity measured on dry insulating materials with Hot Disk and

Guarded Hot Plate devices.
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3.2 Compressible anisotropic material

Wood fiber insulation (WFI) is an anisotropic and compressible material, in which wood fiber
is aligned in a preferential direction on manufacturing plane [47]. Consequently, in-plane and
through-plane thermal conductivity are expected to differ. Therefore, the use of an anisotropic
model is necessary. For this model, volumetric heat capacity Oc, is an input. It has no influence
on &, since a, is estimated directly from the measurement. However, because of the definition
of thermal diffusivity and of the linearity of Eq. (3), the uncertainties on A, and A,. are similar
to the one of pc, while the uncertainty on a, is doubled. Nevertheless, the reliability of
anisotropic model was verified for isotropic non compressible materials: 4, = A, = Ayp within

the uncertainty bounds as in [11].

In case of WFI, a further experimental difficulty arises to evaluate density p. Indeed, a sufficient
pressure should be applied to ensure a good contact between the samples and the sensor.
However, because of WFI compressive behavior, sample’s thickness (resp. density) decreases
(resp. increases) with increasing pressure. Furthermore, the contact may be not so good because
of strain relaxation. Nevertheless, despite it could have an influence on repeatability tests, no
trend is observed on the results. The repeatability of the measurement is better than 8 % for
sensors 6.403 mm, 9.868 mm, 14.61 mm (sensor 29.4 mm is not considered because limitation
on infinite medium assumption and sensor 3.189 mm is too small regarding material
heterogeneity). Besides, the reproducibility of the measurement done with one sensor size
ranges between 2.5 and 16.5 %. Nor surface roughness, nor applied pressure are influencing
factors on the accuracy, contrary to bound for estimation. Indeed, a similar analysis as in

Section 3.1 reveals that standard deviation on A, and A, can reach 40 %.
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Last, Figure 5 presents averaged values of 4, and A, for all measurements for two values of cp.
First, a value of 1337 J.kg'l. K'! measured by DSC is used (see Table 1). Note that this value is
consistent with other experimental data from the literature [48-50]. In this case, 4, > A,- which
is in contradiction with expected and previous results on fibrous materials [51-55]. Indeed, the
thermal contact between the fiber should cause a lower thermal conduction across the fiber in
the z-direction. In the literature, anisotropy ratio ranging between 1.5 and 2 is noted between
in-plane and through-plane thermal conductivities. To obtain such ratio for HD measurement,
¢p should be increased to increase in-plane thermal conductivity (according to the definition of
thermal diffusivity) and to decrease the through-plane thermal conductivity (according to the
linearity of Eq. (3)), as underlined by Trofimov et al. [11]. Here, a ratio of 1.64 is calculated
when ¢, is set to 2100 J.kg!.K™! (value provided by the manufacturer [56] and available in Wufi
database [57]). Furthermore, though-plane thermal conductivity A, becomes more consistent

with GHP measurement (see Table 4).

To overcome this uncertainty of ¢, it might be interesting to analyze the data with an isotropic
model. Results are also plotted on Figure 5. Ayp is estimated with a better accuracy,
independently of ¢,. However, a value of about 0.5 W.m'.K"! is found which looks like a mean
value between axial and radial thermal conductivities. This value is 25 % larger than the thermal
conductivity measured by guarded hot plate (see Table 4), while overestimation ranging
between 5 and 10 % is expected from the work of Zheng et al. [18]. Such differences were
already observed in the literature [51-52]. Finally, neglecting the transversely isotropic nature

of WFI would lead to overestimate the transverse thermal conductivity.
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Figure 5: Thermal conductivities (1, and A,.) estimated from anistropic model and Ay,

estimated from isotropic model as function of specific heat capacity cp.

3.3 Light-earth biobased concrete

All samples of light-earth biobased concrete are first tested under steady-state with GHP.
Results are plotted on Figure 6 and compared to literature data obtained by steady state methods
(guarded hot plate or heat flowmeter) [36, 58-61]. As expected, we note that A;yp increases
with density (or compacity) since earth is more conductive than hemp shiv. T-samples exhibit
higher A;yp than P-samples. Because of alignment of elongated hemp shiv particles (see Figure
7), more interface thermal contact resistances are created, leading to low thermal conductivity
of P-samples. For T-samples, particles are randomly set in the xz-plane (see Figure 7): heat
conduction may also take place along the particles increasing thus the thermal conductivity.
The thermal conductivity ratio between T and P-samples decreases slightly with density and
ranges between 1.23 and 1.17 (see Figure 8). However, the ratio for samples T35r/P35r is

slightly higher and equal to 1.29. These samples are made with a higher hemp fraction (resp.
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lower earth slip fraction), for which particle rearrangement is expected to be different. Because
of this influence of formulation and manufacturing process, a true comparison with literature

data [36, 60, 62] is difficult, even if similar order of magnitude is observed.

0.25
0.20 A
A H T-samples
_ A A Goodhew et al. [58] (T)
T 015 solm . o Labat etal. [59] (T)
E 2 e . - o Dinh et al. [60] (T)
S 0.10 8% 3 o® o Williams et al. [36] (T)
< g Tho ;% u B P-samples
& ", o Dinh et al. [60] (P)
0.05 © Niang et al. [61] (P)
o Williams et al. [36] (P)
0.00
0 200 400 600 800
p [kg.m?]

Figure 6: Comparison of thermal conductivity of light-earth biobased concrete P- and T-

samples measured with guarded hot plate device (A;yp) With literature data.

P-samples

Figure 7: Schematic representation of hemp shiv particle orientation for P- and T-samples.
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Figure 8: Thermal conductivity ratio between light-earth biobased concrete T and P-samples

and comparison with literature data.

These results are then compared on Figure 9 with HD measurements performed with three
sensors (6.403 mm, 9.868 mm, 14.61 mm) and analyzed with isotropic model. Since light-earth
biobased concrete is a heterogeneous material at centimeter scale, measurements performed
with sensor 6.403 mm show a different behavior and are not further analyzed in accordance
with [18]. The measurements with the two other sensors are reliable, the standard deviation
being always lower than 10 %. Similarly to WFI, Ay differs significantly from Agyp. The
difference increases with density and may reach 80 %. Such differences are explained by heat
transfer analysis in non-isotropic material. For instance, Agyp = A, < Ay, for P-samples,
while Ay can be viewed as a mean-like value between axial and radial thermal conductivities:
Aup = m . Similar analysis prevails for T-samples. However, averaging thermal
conductivities of each direction lead to similar values of Ay for T and P-samples (contrary to

GHP measurements).
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Figure 9: Thermal conductivity of light-earth biobased concrete P- and T-samples measured

with guarded hot plate device (A;yp) and Hot Disk using isotropic model (Ayp).

When using anisotropic model, the repeatability ranges from 2 to 30 % due to the influence of
bound for estimation, while the reproducibility ranges from 5 to 30 % due to surface
heterogeneity. When volumetric heat capacity oc, measured by DSC is used as input, A4, is
higher than A,- and significantly higher than A;p for all samples. Similar to WFI, such results
were not expected, particularly for P-samples having elongated hemp shiv particles oriented
perpendicularly to the sensor. As an alternative, we can adjust the volumetric heat capacity oc,
of each sample so that A, = A;yp, and then calculate A,.. Figure 10 shows the evolutions of the
ratio A,./A, for P-samples. This ratio is much higher than unity, meaning that A, is higher than
A, as expected. The ratio increases with density: macroporosity is reduced due to compression
applied during manufacturing and to higher amount of earth: it increases conduction path in the
in-plane direction and, thus, radial thermal conductivity. Nevertheless, the estimated ratios are
higher to the ones predicted by homogenization modelling [63,64], limiting the validity of this
approach. This limitation is confirmed when comparing axial thermal conductivity of T-

samples AL 5*™P!€ with radial thermal conductivity of P-samples A¥ "' Whereas both
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values should be equal according to ideal representation of Figure 7, results plotted in Figure
11 show that it is not the case. Finally, evaluating radial thermal conductivity by setting axial
thermal conductivity to steady state measurement do not lead to consistent results for light-

earth biobased concrete (contrary to wood fiber insulation which is more transverse isotropic).
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Figure 10: Thermal conductivity ratio 1, /A, of P-samples estimated assuming that 1, =
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Figure 11: Comparison of axial thermal conductivity of T-samples A> **™P! with radial
thermal conductivity of P-samples Af_sample. Both are estimated assuming that 1, = Agyp.
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4 Conclusions

This work aims to measure thermal conductivity of insulation building materials with Hot Disk
device by applying transient plane source method and to compare the results with steady state
measurements. The following main conclusions can be drawn:

e Thermal conductivity of isotropic conventional materials (PU, XPS, FG and AAC) can
be accurately measured with Hot Disk, particularly by setting volumetric heat capacity
Locp: reproducibility errors remain lower than 5 % and a good agreement with steady
state measurement is found. Besides, neither estimation procedure, nor applied pressure,
nor sensor size influence significantly the measurement.

* For non-isotropic materials, we first noted that reproducibility errors may reach 30 %
due to an inhomogeneous and poor thermal contact between the sensor and the samples
caused by heterogeneity of tested materials at centimeter scale and eventually by their
compressive behavior. Second, analyzing the measurement with an isotropic model
leads to an overestimation of thermal conductivity by at least 25% compared to Guarded
Hot Plate measurements. Last, using anisotropic model to evaluate in-plane and
through-plane thermal conductivities is not appropriate since the tested materials are not
purely transverse isotropic and the results are very sensitive to volumetric heat capacity
pcp. Alternatively, we suggest setting Oc, so that though-plane thermal conductivity
equals Guarded Hot Plate measurements, and then evaluating the anisotropy ratio of
thermal conductivity. This approach works well for purely transverse isotropic materials
(like wood fiber insulation), while it fails for more random material like light-earth
biobased concretes.

Finally, this study has shown the difficulty to get an accurate estimation of thermal conductivity

of heterogeneous biobased insulation building materials with Hot Disk. The device can be used
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for internal comparative analysis (for instance, to evaluate the influence of factors like density),

but the comparison of the results with literature data is not recommended. Nevertheless, further

improvements are welcome since transient methods are expected to be less sensitive to moisture

transfer than steady state methods when measuring thermal conductivity of moist samples.
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