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A B S T R A C T   

The article investigates the thermophysical parameters of Turkey oak particleboard with different densities and 
their response to varying heat pulse power to cover possible thermally dependent disturbance effects during the 
measurement. Samples were measured by the Pulse Transient Method using a Cuboid Model to estimate all basic 
thermophysical parameters. The aim was to assess the properties of the two different particleboard of high and 
medium density and compare them with published data. We also calculated uncertainties based on sensitivity 
coefficients analysis for the cuboid model. This methodology helps to assess how the input error propagates into 
the resulting parameter estimate and helps to optimize the experiment. The quality of oak particleboard holds 
significant importance in building construction. Additionally, the analysis results assess the suitability of 
different materials for improving energy efficiency in building construction. Interestingly even slight density 
differences and thickness can significantly impact the effectiveness of building insulation properties of materials.   

1. Introduction 

Wood is widely used as a construction material with thermal insu
lation properties in various industries and housing, including construc
tion, furniture manufacturing, cladding, house insulation, energy-saving 
houses, and general wood working. Quercus cerris L. tree also known as 
Turkey oak, belongs to the Fagaceae family of flowering plants, which is 
incorporated by beech or oaks. This category of plants includes several 
tree genera, encompassing Quercus (oaks), Fagus (beeches), and Castanea 
(chestnuts). This tree spreads from southeastern Europe and its territory 
includes countries such as Turkey, Greece, Italy, Romania, and Bulgaria. 
It is not native to Central Europe, but it does occur. In terms of energy 
conservation, turkey oak is considered the best type of tree due to its 
foliage and it is well suited to environments with seasonal changes and 
can withstand harsh climatic conditions. The length of turkey oak can 
reach up to 25–40 m. The aesthetic appeal of turkey oak with gray bark 
makes it popular for indoor living and outdoor landscaping. 

Various classes of particleboard are used quite widely in the 

construction industry as a good cladding material with relatively good 
thermal insulation properties (Ghobadi and Sepasgozar, 2023). The 
Turkey oak particleboard has impressive thermal conductivity, high 
heat capacity, and inherent fire resistance. This makes them an excellent 
choice for construction purposes (Taib et al., 2022). In addition, their 
durability and sustainability make them a greener option compared to 
materials such as plastic and metal, as they play an important role in the 
natural ecosystem (Darwish and Eldeeb, 2023). Turkey oak particle
board have been shown to offer excellent thermal protection, especially 
for wall or floor coverings. As a sustainable process, oak particleboard is 
generally made from recycled wood particles and sawdust combined 
with formaldehyde-based adhesives (Hua et al., 2022). Unfortunately, 
formaldehyde is a volatile organic compound responsible for releasing 
harmful gases into the environment or into the home. (Kristak et al., 
2023). 

Moreover, to address this issue researchers are actively engaged in 
manufacturing formaldehyde-free binders for particleboard (Akinyemi 
et al., 2019; Solt et al., 2019; Essid et al., 2021). Therefore, the use of 
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(L. Kristak).  

Contents lists available at ScienceDirect 

Developments in the Built Environment 

journal homepage: www.sciencedirect.com/journal/developments-in-the-built-environment 

https://doi.org/10.1016/j.dibe.2023.100228 
Received 7 July 2023; Received in revised form 28 August 2023; Accepted 6 September 2023   

mailto:tiwari@tuzvo.sk
mailto:rupali.tiwari@savba.sk
mailto:vlastimil.bohac@savba.sk
mailto:reh@tuzvo.sk
mailto:logiudicevalentina2@gmail.com
mailto:logiudicevalentina2@gmail.com
mailto:luigi.todaro@unibas.it
mailto:viliam.vretenar@savba.sk
mailto:vladimir.stofanik@savba.sk
mailto:kristak@tuzvo.sk
www.sciencedirect.com/science/journal/26661659
https://www.sciencedirect.com/journal/developments-in-the-built-environment
https://doi.org/10.1016/j.dibe.2023.100228
https://doi.org/10.1016/j.dibe.2023.100228
https://doi.org/10.1016/j.dibe.2023.100228
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dibe.2023.100228&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Developments in the Built Environment 16 (2023) 100228

2

these particleboards can be beneficial to the environment and contribute 
to renewable energy programs. It is very crucial to select the particle
board with low or no formaldehyde emission and optimize the efficiency 
of building envelopes. It is also important to understand the behavior 
and interaction of heat with particleboard. Knowledge of thermal con
ductivity and thermal resistance allows builders and designers access to 
its thermal insulating properties. 

Classifying wood-based composite materials as a high, medium, or 
low-density board is a misnomer and confusing in general terms because 
the final manufactured panel of the same density made from light and 
hard wood particles used in fiber or particles form is different. It is al
ways necessary to accurately characterize the material that has been 
subjected to research. In our case, we prepared two particleboard sample 
sets classified as medium density (768.89 kg m− 3) and high density 
(838.65 kg m− 3). It is not clear to which class those samples belong as in 
the published data those data range in different ways. Medium density 
particleboard (MDPB) comes typically with a density of 680 kg m− 3 to 
730 kg m− 3 and High density particleboard (HDPB) which are stronger 
and harder have a typical density of up to 900 kg m3 (EUROTECH 
Vacuum Technologies). This classification is not unified and the border 
between them ranges from 730 up to 800 kg m− 3. Youjie Xu published 
that the density range for medium density particleboard is within 590 ÷
800 kg m− 3 (Xu and Wang, 2019). 

Wood is an anisotropic and hygroscopic material, so it is very diffi
cult to summarize the general dependence or relationship between the 
thermophysical parameters and the factors that influenced the results 
(Mvondo et al., 2020; Lagüela et al., 2015a). 

Several advanced techniques are available to measure thermal con
ductivity, thermal diffusivity, specific heat capacity (Asdrubali et al., 
2017), and heat transfer coefficients (Schiavoni et al., 2016). There are 
two main classes of thermophysical measurement methods. They are 
divided into stationary or steady state and transient methods. Stationary 
methods are usually capable of measuring only one parameter. Transient 
methods measure all three basic thermophysical parameters. The group 
of established most popular steady state methods, that have the highest 
accuracy of measuring thermal conductivity, include methods such as 
the guard hot plate method (Ji et al., 2014; Reddy and Jayachandran, 
2017), and the heat flow meter (Yang et al., 2019). Transient or un
steady methods are based on the generation of a heat pulse that causes a 
dynamic change of the thermal field in the sample and simultaneously 
records the thermal response to this generated heat at the location of the 
heat source or a part of it. The temperature distribution in the sample is 
stabilized and independent of time and space. 

dT
dx

= 0;
dT
dt

= 0 

The most common transient methods (Yang et al., 2022) used for 
thermophysical measurements are the PTM (Kubičár et al., 2001; Boháč 
and Kubičár, 2001), Dynamic plane source technique (hot disk) (Gus
tafsson, 1991), Extended dynamic plane source technique (EDPS) 
(Karawacki et al., 1992), Laser flash method (Taoukil et al., 2013) and 
Hot wire method (Faouel et al., 2012). The thermal response to a small 
thermal disturbance inside the sample generated by the heat source in 
the form of a thermal pulse is recorded and Thermophysical parameters 
are calculated according to the model used. In practice, a heat pulse is 
created by passing an electric current through a metal resistance in the 
form of a ball, wire, strip, or plane composed of meander strips. The 
pulse and stepwise transient methods use a heat pulse generated in the 
form of a Dirac pulse or a Heaviside step (Kubičár et al., 1999). The 
thermal response to a heat pulse is recorded by a thermocouple located 
at a precisely defined distance from the heat source. In this case, the 
thermal load on the specimen is low and tends to be below 1 ◦C, so the 
data obtained corresponds to the thermodynamic state in the real world. 
This is why transient methods require significantly less measurement 
time compared to steady-state techniques. They also heat the sample 
much less, so its structure remains in almost the same thermodynamic 

state. When performing the experiment, one must pay attention to the 
correct geometry of the sample, especially in the case of a limited sample 
size. It is important to plane the sample surface, polish it, and carefully 
arrange the components of the sample set (Figs. 1 and 3). 

In the past decades, research on Turkey oak has increased tremen
dously. The Turkey oak has shown excellent thermal properties, which 
has led to greater interest and involvement from researchers and in
dustries alike. The values of the thermal diffusivity κ, thermal conduc
tivity λ, specific heat capacity c, and density ρ of oak were measured 
using various methods. 

Data measured on oriented oak OSB and bulk oak wood under 
different directions was published by (Kotoulek et al., 2018). The ther
mal conductivity of oak in the radial direction was 0.133 W.(m.K)− 1, in 
the tangential direction 0.112 W.(m.K)− 1, and in the axial direction 
0.262 W.(m.K)− 1. The thermal conductivity of OSB with a thickness of 
10 mm was 0.109 W.(m.K)− 1 and with a thickness of 15 mm 0.129 W. 
(m.K)− 1. The density values of the oak wood samples were in the range 
of 435.7 ÷ 459.5 kg m− 3, whereas the OSB samples were in the range of 
(411.8 ÷ 418.2) kg m− 3 (Kotoulek et al., 2018). The densities of these 
materials were lower than in our experiment but the values of thermal 
conductivity were similar to our Oak MDPB (0.14 W.(m.K)− 1). 

Çavuş, V. et al. (2019), published measurements of thermal con
ductivity of different wood materials. The thermal conductivity of Oak 
(Quercus petraea Liebl.) with density 841 kg m− 3 was 0.917 W.(m.K)− 1 

(min. 0.172 and max. 0.224 W.(m.K)− 1). Another type of oak wood was 
white oak (Quercus alba) with a density of 603 kg m− 3 and a thermal 
conductivity of 0.148 W.(m.K)− 1 (min. 0.172 and max. 0.156 W.(m. 
K)− 1). All measurements were done on the batch of 15 samples but the 
angular direction to the grains was not clear for oak wood. They have 
also discovered the linear relation between thermal conductivity and 
density. The measurements were performed using THERM 2227–2, 
ALHBORN meters (Çavuş et al., 2019). 

F. Yapici et al. (2011) (Yapici et al., 2011) measured the thermal 
conductivity of oak (Quercus robur L.) in two directions using the 
Hot-Wire method (ASTM C 1113–99). The thermal conductivity value 
for parallel and perpendicular orientation to the grain angle had a 
negligible difference. The thermal conductivity values were 0.2614 W. 
(m.K)− 1 for the parallel direction of the grain angle and 0.2584 W.(m. 
K)− 1 for the perpendicular direction (Yapici et al., 2011). 

In the article Slováčková et al. (2021) (Slováčková, 2021) they study 
the effect of the wood degradation by Trametes versicolor fungus on the 
change of thermal conductivity value. The focus of this work was to 
compare the thermal conductivity values of degraded wood species to 
reference data of thermal conductivity values of undegraded wood 
species. The density of the degraded oak heartwood samples was 523.8 
kg m− 3 and the thickness of the sample was 7.78 mm. Degraded oak 
heartwood had similar λ values as undegraded oak wood. The thermal 
conductivity values were 0.35 W.(m.K)− 1 in the longitudinal, 0.20 W. 
(m.K)− 1 in the radial, and 0.14 W.(m.K)− 1 in the tangential direction, 
whereas the measured values of thermal diffusivity were 4.81 × 10− 7 

m2 s− 1 in the longitudinal, 2.65 × 10− 7 m2 s− 1 in the radial and 2.46 ×
10− 7 m2 s− 1 in the tangential direction. The specific heat capacity was 
1.32 kJ.(kg.K)− 1 (Slováčková, 2021). The authors of this article 
concluded that it is necessary to jointly study the effect of density and 
moisture content on the values of thermal diffusion, thermal conduc
tivity, and specific heat capacity. It cannot be stated without considering 
the state of the material structure. 

Božiková, M. et al. (2021) (Božiková et al., 2021) performed an 
experiment on different wood samples as well as on oriented strand 
board (OSB) made of the same series of different wood, including oak. 
Samples were measured in the tangential and in the radial direction for 
thermal diffusivity, thermal conductivity, and volume specific heat pa
rameters. For every wood species the samples were prepared in two 
directions, the tangential direction (perpendicular to the grain but 
tangent to the growth rings) and the radial direction (normal to the 
growth rings). Authors detected relationships between the thermal 
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parameters in the tangential and the radial direction. The value of 
thermal conductivity of oak wood in the radial direction was 0.134 W. 
(m.K) − 1 and in the tangential direction 0.1164 W. (m.K) − 1. The value 
for thermal conductivity of oak wood OSB in the radial direction was 
0.156 W. (m.K) − 1 and 0.139 W. (m.K) − 1 in the tangential direction. The 
thermal diffusivity for oak OSB in the tangential and in the radial di
rection were 0.161 mm2 s− 1 and 0.164 mm2 s− 1 respectively. The value 
for volume specific heat was found to be 865 (J.m− 3.K− 1) in tangential 
and 951 (J.m− 3.K− 1) in the radial direction (Table 4 in Božiková et al., 
2021). Thermal conductivity in both directions for OSB was higher than 
for oak wood. 

The hygrothermal properties of oak wood with a density of 580.7 kg 
m− 3 and porosity of 0.613 were measured in three directions by Jianhua 
Zhao et al. (2023) (Zhao et al., 2023). Their wood samples had an 
orthonormal structure, and the moisture properties of oak were measured 
in three structural directions. The specimens were prepared and cut in the 
longitudinal direction, tangential direction, and in the radial direction. 
Moisture or heat transport in wood is a three-dimensional process and 
occurs simultaneously in all structural directions but at different rates. 
The ratio of thermal conductivity in the longitudinal direction (0.166 W. 
(m.K)− 1) to the radial direction (0.143 W.(m.K)− 1) and the ratio of 
thermal conductivity in the longitudinal direction to the tangential di
rection (0.129 W.(m.K)− 1) for oak were 1.16 and 1.29 respectively (Zhao 
et al., 2023). The specific heat capacity of this oak sample was 1171 J.(kg. 
K)− 1 (Zhao et al., 2023). Similar behavior was observed for the diffusion 
of moisture. The water vapor diffusion resistance factor was much smaller 
in the longitudinal direction due to the longitudinal tracheid cells acting 
as the main vapor transport pass. Longitudinal absorption of water along 
tracheid cells and vessels along the stem is always faster than radial and 
tangential absorption (Zhao et al., 2023). 

The article written by S. Lagüela et al. (2015) (Lagüela et al., 2015b) 
included the measurements of the thermal diffusivity and conductivity 
of Italian oak, spruce, and larch wood. The Hot Disk method was used to 
capture thermal conductivity and thermal diffusivity in the longitudinal 
direction parallel to the grain, whereas radial and tangential directions 
were measured in the direction of the annual accretion rings (Lagüela 
et al., 2015b). The dry density of oak wood was determined to be 753.16 
kg.m− 3 and porosity 0.50. According to the configuration of the samples, 
authors referred to in-plane thermal diffusivity as radial thermal diffu
sivity, whereas in-depth thermal diffusivity as axial thermal diffusivity. 
The axial thermal conductivity of oak corresponding to the longitudinal 
direction was 0.58 W. (m.K) − 1 and radial conductivity and diffusivity 
were 0.16 W. (m.K) − 1 and 1.8 × .10 − 7 m2 s− 1. The values for tangential 
direction were 0.21 W. (m.K) − 1 for axial conductivity and 0.26 W. (m.K) 

Fig. 1. Photo of the High-Density Particleboard (HDPB) (left) and Medium Density Particleboard (MDPB) (right) sample sets. (© V.Boháč, IP SAS).  

Fig. 2. The sample set on the left and the schematic diagram of the sample part showing all the points used for measuring the thickness dimensions is shown on 
the right. 

Fig. 3. The RTB 1.02 thermostat chamber, the device includes copper plates as 
heat exchangers that establish the sample temperature stability (https://fu.sav. 
sk/veda-a-vyskum/infrastruktura/termofyzikalne-laboratorium/). 
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− 1 for radial conductivity and 2.82 × .10− 7 m2 s− 1 for radial diffusivity. 
Finally, for the radial direction, the axial and radial conductivity values 
were (0.22 and 0.27) W. (m.K) − 1 and the radial diffusivity 2.91 × .10− 7 

m2 s− 1. Since the Hot Disk does not allow the calculation of all unknown 
parameters for anisotropic materials, the specific heat was measured 
independently by the DSC method. The value of specific heat capacity 
measured by DSC was 1214 J.(kg.K)− 1. The hypothesis from this paper 
confirmed that the thermal conductivity and diffusivity in the longitu
dinal direction exceed the values in the radial direction. The principle is 
that the heat spreads along the wood effortlessly compared to its lateral 
direction. However, this relative correlation appears to show significant 
fluctuations influenced by factors such as wood species and moisture 
content. 

1.1. Sample preparation 

Turkey oak was supplied by the Meridiana Legnami Company based 
in Tito Scalo (Potenza). Both types of biomass material were delivered in 
the form of debarked chips with dimensions of approximately 5 cm in 
length and varying thickness. The chips were stored in the laboratory for 
air drying to a moisture content (MC) of approx. 12% for 60 days and 
then ground into particles using a multifunctional silage crusher with a 
production efficiency of ≥800 kg h− 1. The resulting particles were then 
sieved with horizontal vibrating sieves (Standard Test Method for Par
ticle Size Distribution [ASTM] E− 11 Specification) with 4 mm mesh 
sizes to remove oversize and 0.8 mm to remove dust. Turkey oak MDPB 
and HDPB were made using 2% urea-formaldehyde (UF) plus 15% 
modified starch (MS). 

The fraction of particles that passed the 4 mm sieve and remained on 
the 0.8 mm sieve was selected to produce homogeneous single-layer 
particleboard. The particles ranged in length from 3 to 10 mm, width 
from 0.5 to 1.5 mm, and thickness from 0.3 to 1 mm. The length, 
thickness, and width of randomly selected particles (about 30 particles) 
were measured with a micrometer. 

1.2. Measurement setup description 

We used the Pulse Transient Method (PTM) for the experimental 
measurement of thermophysical parameters. Its advantage is that it can 
be used to determine all basic thermophysical quantities, i.e. thermal 
conductivity, thermal diffusivity, and specific heat capacity. Moreover 
depending on the theoretical model used, it is possible to study few more 
thermal parameters such as the heat transfer coefficient in-between the 
heat source and the sample, the heat capacity of the heat source, or the 
heat transfer coefficient from the free surface of the sample to the sur
roundings in the radial or lateral direction (Boháč et al., 2011, 2023; 
Tiwari et al., 2021). 

This research was motivated by previous results measured on a high- 
density particleboard made of oak wood chips published in a conference 
paper (Boháč et al., 2023). In the current work, we used a model for the 
geometry of a cuboid with a square base to estimate the thermophysical 
parameters. Using the Levenberg-Marquardt algorithm, we fitted the 
thermal response measured by PTM in an minimization iterative 
procedure. 

We prepared two sets of oak particleboard samples with high and 
medium density (HDPB and MDPB) for the measurement. Each set 
consisted of three parts as shown in Fig. 2. The sample sets were cut in 
cuboidal geometry with a thickness in the range of h = 8 ÷ 9 mm. The 
size of sample’s square base was 50 mm × 50 mm. The basic sample size 
was small, and therefore it was necessary to use a cuboid model to ac
count heat losses form the free surface of the sample (Boháč et al., 2011). 
When measuring thermally low conductive materials, the scanning time 
of the thermal response is long, while there is a high probability of the 
influence of heat losses from the surface of the free side of the sample to 
the surroundings. The thickness of the sample was statistically measured 
with a caliper at 16 different points (Fig. 2, right) (Tiwari et al., 2021). 

The density of the samples was determined by the gravimetric 
method from the dimensions of the samples and a simple calculation. 
Moisture content was determined using gravimetric analysis in accor
dance with ISO 13061–2014 (https://www.iso.org/standard/60063. 
html). The data of mechanical properties of Turkey oak particleboard 
are the following for MOE(MPa), MOR(MPa), IB(N. mm− 2) (unpublished 
data): 

Oak HDPB: 3590.4 (MOE), 9.0(MOR), 0.6(IB); 
Oak MDPB: 3669.9(MOE), 8.1(MOR), 0.55(IB). 
To measure the thermophysical parameters of HDPB and MDPB, the 

experiment required an electronic unit RT-Lab (Štofanik et al., 2007) 
developed at Institute of Physics, SAS, and a measuring chamber RTB 
1.02 (© IP SAS) where the sample was placed between two heat 
exchanger plates. Plates were stabilized by a thermostat (upper and 
lower copper plates in Fig. 3). 

The entire setup contains various components, for example, the RT- 
Lab electronic unit controlling measurement, data collection, and data 
transfer to a computer via USB and TCP/IP port (Štofanik et al., 2007). 
Another component, the LAUDA thermostat, sets and stabilizes the 
temperature with an accuracy of ±0.02 K. The RT-Lab electronic unit 
includes a programmable constant current source to generate the heat 
pulse, A/D converters to measure the thermal response from the ther
mocouple, and to measure the background temperature using a PT100 
probe. A plane heat source (© IP SAS) was used to generate the heat 
pulse. It was etched in the shape of a meander from 7 μm thick nickel foil 
with dimensions of 50 × 50 mm, the total thickness 70 μm and the 
electrical resistance was 1.7 Ω. (Boháč and Kubičár, 2001). Typical 
parameters for a thermal response scan are Tm ~ 1K (maximum of 
thermal response) and tm (time recorded at Tm). The thermal response is 
measured using a differential thermocouple of K-type (Chromel-Alumel - 
diameter 7 μm). By passing the current through this heat source, a heat 
pulse is generated and thermal response is registered by thermocouple. 
An experimental arrangement is drawn in Fig. 4. 

2. Methodology 

The thermophysical properties of Turkey oak particleboard were 
experimentally measured. The thermal diffusivity, thermal conductiv
ity, and specific heat capacity were measured by the Pulse transient 
method using different powers of the heat pulse. 

In the first step, the thermal response curves were studied for the 
different powers of the heat pulse generated by different magnitudes of 
current and different durations of the heat pulse. The thermal responses 
measured at different pulse powers for MDPB and HDPB were fitted 
using the cuboid model and compared with each other (Fig. 5 and 6). 
Thermal response curves varied due to different thicknesses, densities, 
and heat pulse power levels. The range of pulse energies was obtained by 
combining the values of the current and the duration of the heat pulse. 
The basic idea of this part of the experiment was to show the conse
quences of the quality of the fit using the cuboid model in relation to the 
experimental data. If the influence of disturbances occurs during the 
experiment, then a difference occurs, which we usually display in the 
form of a differential graph (Boháč et al., 2023). If the graph on the time 
axis shows only the thermal noise of the thermocouple around zero, then 
we can declare that our model is valid during the time of measuring the 
thermal response. At a deviation from zero average, usually in the form 
of a sinusoidal curve, the model ceases to be valid and the data are 
estimated with a consistent error. 

The second step involved investigating the dependence of the ther
mal response parameters on the power of the heat pulse, as well as the 
possible correlation between the sensitivity coefficients of thermo
physical parameters. 

In the third step, all results of estimated thermophysical parameters 
of MDPB and HDPB were summarized. 

The last step was focused on the study of the theory of uncertainty 
analysis and sensitivity coefficients of the cuboid model which were 
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used to estimate the availability of the model for these kinds of mea
surements. For this part of the theoretical calculations, our experimenal 
results were used as input parameters corresponding exactly to the 
properties of our samples and measurement regime. 

2.1. Pulse transient method (PTM) 

The principle of the pulse transition method is based on the gener
ation of a heat pulse by a plane heat source and the recording of the 
thermal response to the heat pulse. The response to the heat pulse is 
recorded by a thermocouple, which is located at a distance h from the 
heat source (Fig. 4). The distance h represents the active thickness of the 
cuboid-shaped specimen. 

The thermal response shown on the right side of Fig. 4, can be 
described by the Equation 1 derived from the partial differential equa
tion of the heat conduction, solved for the ideal boundary and initial 
conditions corresponding to the ideal experimental setup (Kubičár 
1990). 

T(h, t)=
Q

λ
̅̅̅̅̅̅̅
πκt

√ exp
(

h2

4κt

)

; (1) 

If the experimental thermal response curve can be described by an 
ideal model (Eq. (1)), then the thermophysical parameters for the PTM 
can be calculated using simple formulas derived for the maximum of the 
thermal response (Kubičár, 1990). These equations represent a 
one-point evaluation procedure (Tm, tm). 

κ=
h2

2tm
; cp =

Q
̅̅̅̅̅̅̅̅
2πe

√
hρTm

; λ =
Qh

2
̅̅̅̅̅̅̅̅
2πe

√
hρTm

;Q = RI2t0 (2)  

where R is the electrical resistance of the plane heat source, I is current, 
t0 is the duration of the heat pulse, Q is generated heat and the next 
variables are described above. 

An ideal model was derived for a Dirac pulse, but technically in a real 
experiment, we must use a pulse of a certain duration t0. In this case, the 
thermal response function can be corrected to the heat pulse duration 
(Kubičár, 1990). 

T(h, t)=
2Q

cρ
̅̅̅
κ

√

[
̅̅
t

√
.iΦ∗

(
h̅̅
̅̅̅̅

2κt
√

)

−
̅̅̅̅̅̅̅̅̅̅̅̅
t − t0.

√
iΦ∗

(
h

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
κ(t − t0)

√

)]

(3)  

where iΦ∗ = e− ix2
̅̅
π

√ − x.erfc(x)
To evaluate the measurement parameters with the real duration of 

the pulse t0, the modified equations for one point evaluation of the 
thermophysical were derived. The modified relation derived for the 
maximum of the thermal response have the forms: 

κ=
h2

2tm
(fa); cp =

Q
̅̅̅̅̅̅̅̅
2πe

√
hρTm

(fc) (4)  

Where fa and fc are the correction factors. 

Fig. 4. Experimental setup of the Pulse transient method for cuboid model (left) and example of the thermal response, Tm and tm are parameters for one point 
evaluation procedure (right) (Boháč et al., 2023). 

Fig. 5. The experimentally measured (gray) and theoretically calculated (dark 
black) thermal response curves of Oak HDPB with time duration 600 s are given 
for different powers of the heat pulse (density 838.65 kg m− 3). 

Fig. 6. The comparison of experimentally measured (gray ink) and theoreti
cally calculated (dark black) thermal response curve of Oak MDPB with time 
duration 600 s are given for different powers of the heat pulse (density 768.89 
kg m− 3). 
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fa =

(
tm

t0
− 1
)

ln

⎛

⎜
⎝

tm
t0

tm
t0
− 1

⎞

⎟
⎠

The series of Equations (2) and (4) represent a one-point evaluation 
procedure (Kubičár et al., 2001) (Boháč and Kubičár, 2001) (Boháč 
et al., 2011). 

2.2. Cuboid model (CM) 

For the cuboid model, the asymmetric arrangement of the sample 
geometry takes the form of finite length of cuboids with the same square 
base but different thicknesses. The model and experimental setup are 
drawn in Fig. 4. The cuboid model also takes into account the heat 
transfer coefficient from the free surface of the sample to the sur
roundings in the lateral direction and the constant temperature and 
infinite thermal capacity of the heat exchangers located at both ends of 
the sample. 

The sample set consisting of three finite blocks of different lengths 
was arranged asymmetrically (L1∕=L2) on the left and right sides of the 
heat source (Fig. 4). A plane heat source with zero heat capacity was 
placed between the first and second parts, and the heat transfer between 
the heat source and the sample is ideal (α→ ∞). T0 was the stabilized 
temperature before the heating pulse was switched on. The thermal 
response equation (Eq. (5)) derived from the partial differential equa
tion solved for real experimental initial and boundary conditions for the 
step-wise (sw) heating regime was published in the article (Boháč et al., 
2011). 

Tsw(x, y, z, t)=T0
w
2
∑∞

n=1

∑∞

m=1

bnbm

vnm
F(u, vnm)φn

(x
a

)
φm

(y
a

)
(5)  

where φn(s) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2β
β+sin2μn

cos (μns)
√

,T0 =
qa
λ ,β = aα

λ 

Fn(u, v)= e− 2uvΦ∗(u − v) − e− 2uvΦ∗(u+ v), u =
z

2
̅̅̅̅
kt

√

w=

̅̅̅̅
kt

√

a
, vnm =w

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

u2
n + u2

m

√

, bn =φn(0)
sin(μn)

μn 

For the pulse regime the thermal response to the heat pulse is 
calculated by subtraction of two subsequent step-wise functions shifted 
on duration of the heat pulse t0. 

Tpulse(x, y, z, t)=Tsw(x, y, z, t) − Tsw(x, y, z, t − t0) (6) 

A detailed definition of variables was given in the previous article 
(Boháč et al., 2011). The working accuracy and validity of this model 
have been successfully demonstrated in many research articles (Boháč 
et al., 2011, 2023; Tiwari et al., 2021). The model is suitable for small 
samples when accounting for heat losses from the surface of the sample 
to the surroundings in the form of heat transfer coefficient α (Boháč 
et al., 2011). 

2.3. Uncertainty and sensitivity coefficients 

When evaluating thermophysical data using CM, it is crucial to 
consider uncertainty and sensitivity coefficients in parameter estima

tion. Measured data are theoretically and experimentally very suscep
tible to measurement errors, noise, and other influencing factors. The 
theory of measurementuncertainty can be fount in ISO/IEC Guide 98-3 
(ISO/IEC Guide 98-3). To obtain reliable parameter estimates, it is 
therefore necessary to consider the uncertainty of the input data, which 
affects the accuracy of estimating the output parameters of the model. 
For parameter estimation, we used the Levenberg-Marquardt minimi
zation method, the goal of which is to fit the given model to the 
experimental thermal response and to minimize the differences between 
the experiment and the cuboid model. Uncertainty analysis and sensi
tivity coefficients theory help to determine the optimal time window for 
estimating the required parameters by introducing a theoretical frame
work of sensitivity coefficients, applied to any kind of model (Beck and 
Arnold, 1997). 

The residual plot analysis represented by subtraction of the recorded 
thermal response and the response generated by the model was then 
used to assess the quality of the fit and the validity of the model 
Figs. 4–6. The sensitivity coefficients served as a basis for optimizing a 
suitable time window or time interval for fitting the thermal response. 
We were interested in a time interval in which the linear correlation of 
the sensitivity coefficients is zero or negligible. Then we could estimate 
the given parameters unambogously. If there is a linear correlation be
tween the sensitivity coefficients of thermal conductivity and thermal 
diffusivity, these parameters cannot be unambiguously evaluated, and 
the accuracy of determining the estimated parameters is insufficient. As 
a result, the sensitivity coefficients and their possible correlations in 
time window intervals provide valuable information for the choice of 
measurement time and time window for fitting procedures applied to the 
thermal response. 

The sensitivity coefficients are the first derivatives of the thermal 
response function according to the given parameter ak within the 
investigated model βak

= ak
∂Ti(t,x)

∂ak 
where k means κ, λ, cp, or α. (ISO/IEC 

Guide 98-3) (Beck and Arnold, 1997) (Boháč et al., 2000). If the rela
tionship γ(t) between a pair of sensitivity coefficients is given by the 
ratio γ(t) = βκ/βc, on the given time window is a straight line, then the 
sensitivity coefficients βκ, βc on this time window interval are linearly 
dependent. Therefore, we need to select a time window interval where 
this relationship is not linear (Boháč et al., 2000). A more advanced 
analysis of sensitivity coefficients for cuboid model was published in our 
previous paper (Boháč et al., 2011), where a corresponding theory was 
introduced to calculate the uncertainty for the cuboid model. An equa

tion of the form ur(ak)
2
= C2

kT
u(T)2

a2
k

+
∑Nb

j=1ν2
kjur(bj)

2, was derived for the 

uncertainty (ur represents uncertainty matrix). Mathematical steps of 
the derivation of this equation, used nomenclature and the corre
sponding basic theory have been published in papers (Boháč et al., 
2011), (ISO/IEC Guide 98-3; Beck and Arnold, 1997). 

fc = 2 exp
(

1
2

)
̅̅̅̅̅̅
πfa

√
.

tm

t0

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1
/ ̅̅̅

π
√

⎡

⎢
⎢
⎢
⎣

exp
(

−
fa

2

)

−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
tm
t0
− 1
)

tm

√
√
√
√

exp
(

tm

t0

fa

2

(
tm

t0
− 1
))

⎤

⎥
⎥
⎥
⎦
−

̅̅̅̅
fa

2

√ [

Φ∗

( ̅̅̅̅
fa

2

√ )

− ercf
(

tm

t0

fa

2

(
tm

t0
− 1
))]

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭
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3. Results and discussions 

The standard experiment for Turkey oak MDPB and HDPB was per
formed in a dry state under room conditions. The total time of the 
transient record of the thermal response was 600 s. The experimental 
data were evaluated by the cuboid model for PTM. Simple one point 
procedure relations derived for the maximum of the thermal response 
were used to calculate the values of κ, λ, and c (Eq. (4)), which serves as 
input guess parameters for fitting by the cuboid model. 

The estimation of thermophysical parameters from the experimental 
thermal response curves was successful. The thermal response curves 
measured at different thermal pulses are plotted in Fig. 5, and Fig. 6 to 
illustrate the quality of the fitting. 

For higher data reliability at least 5 measurements for each set of 
pulse width and current were performed. Subsequently, for better sta
tistics of data, approximately 30 measurements were performed in total. 

It is clear from Table 1, Fig. 5, and Fig. 6 that the maximum of 
thermal responses for Tm for MDPB at all pulse powers reach higher 
values than for HDPB. The times to reach the maximum tm for pulse 
powers (ii/1 A, 2.5 s) and (iii/1.5 A, 1 s) are longer for MDPB than 
HDPB, and for all other powers, the time to reach the maximum was 
shorter for MDPB than for HDPB. However, the differences are not large 
and the interval of tm values for the used power range of heat pulses 
2873 ÷ 30942 J m− 2 for HDPB and 2915 ÷ 31450 J m− 2 for MDPB was 
statistically almost the same, namely 232 ÷ 238.4 s for MDPB and 233 ÷
237.8 s for HDPB. These time intervals are almost identical and can be 
attributed to the statistical dispersion of the measurements. 

Shorter times to reach the maximum are related to higher values of 
thermal conductivity and lower thickness of the material. The magni
tude of the specific heat capacity values for a given material density is 
proportional to the height of the thermal response Tm. Denser HDPB 
samples should have specific heat capacity values lower, but they are, 
despite expectations higher, which may be a result of the complexity of 
the structure of the given composite. The value of the thermal response 
height Tm for HDPB is smaller than that for MDPB. It is evident that 
MDPB retains heat better and with the same amount of supplied heat we 
can heat them to a higher temperature. Lighter MDPB samples have a 
lower density and probably contain more pores. 

The reason for the shift of the thermal response maximum of HDPB 
and MDPB samples with time is also influenced by the different thick
nesses of the MDPB/HDPB samples (8.76 mm/9.16 mm). If we had an 
MDPB sample 0.4 mm thicker (the same as HDPB), the time interval of 
the maximum thermal response would be shifted to higher times, which 
again corresponds to the phenomenon of longer heat accumulation by 
the MDPB material. Other factors that influence the shape of the thermal 
response are mainly sample dimensions, inhomogeneous structure, in
terfaces, and imperfect thermal contact between parts of the sample set, 
which is usually caused by the poor flatness of the sample surfaces. Also, 
when a shorter duration of the heat pulse with lower heat energy is 
expected, the thermal readings would be lower. 

After performing the measurements, we obtained thermophysical 
parameters calculated by using one point evaluation procedure. These 

data are affected by heat losses, so they only serve as initial guesses for 
fitting procedures to estimate parameters using the cuboid model. Fig. 7 
shows a graph of calculated statistical averages of thermophysical pa
rameters for different energies of heat pulses. 

The reason for measuring the thermophysical properties of these 
materials at different pulse powers was to investigate possible distur
bance effects that are usually dependent on the temperature. For 
example, the influence of the uneven surface of the sample parts causes 
an additional thermal resistance to heat transfer, represented by the 
thermally dependent coefficient of heat transfer from the heat source to 
the sample. If such a disturbing effect is present during the measure
ment, then the evaluated data for different pulse powers are not constant 
and tends to increase the dispersion of the measured data. Thermo
physical parameters cannot then be determined unambiguously. If the 
measured data corresponds to the statistical measurement error, then we 
can declare that the data are reliable, which is also our case Fig. 7. 
Moreover, the physical properties of the materials and systems are 
categorized as intensive or extensive. An example of an intensive state 
variable is the specific heat capacity, which is an intensive property of 
the matter and does not depend on the geometry and amount of the 
material and should not depend on the amount of the heat used for its 
diagnosis either. If we would obtain very different values for different 
pulse powers, then this quantity should be extensive, which is not in 
accordance with the basic principles of physics. 

We compared the measurement result of MDPB with HDPB for 
different pulse powers. The statistically processed resulting data are 
graphically represented as a function of the heat pulse energy in Fig. 7, 
Table 2, and in Table 3 are given numerically. Thermophysical param
eters plotted on Fig. 7 for HDPB are on the right and for MDPB on the 
left. 

The error bar for each series of measurements for different pulse 
energies represents the standard deviation error calculated from a series 
of measurements for the same pulse parameters. For a given range of 
heat pulse powers, the data are relatively stable, mainly for HDPB. The 
error bar decreases with increasing heat output in both cases. Larger 
measurement errors and data scattering for MDPB are associated with 
the flatness of the sample surface. While the HDPB was perfectly planar, 
the MDPB has small gaps at the corners of the sample that increase 
thermal resistance of the heat source-sample interface. The size of the 
percentual errors is small and for all basic thermophysical parameters 
are lower than 0.71% for HDPB and lower than 1.32% for MDPB. Only in 
the case of the heat transfer coefficient the percentual error is in the 
range 6–47% for HDPB and in the range 15–319% for MDPB. For 
example, the mean value and standard deviation of the heat transfer 
coefficient at a pulse energy 3.14*104 J m− 2 (2.5s and 2A) for HDPB is 
5.42 ± 0.31 (±5.7%) and for MDPB 11.21 ± 1.71 (±15.3%). The 
increased uncertainty for the heat transfer coefficient is associated with 
its low sensitivity coefficient values. 

In general, the scatter of the data decreases with increasing heat 
pulse energy for all data. This can be explained by analyzing the sensi
tivity coefficients, the value of which increases with increasing pulse 
energy and thus with the height of the thermal response. Therefore, the 

Table 1 
Maximum point parameters (Tm, tm) of the thermal response curve measured for a series of currents of 1, 1.5 and 2A and a heat pulse duration of 1 and 2.5s for oak 
HDPB and MDPB (thickness h = 9.15 mm and 8.76 mm respectively).  

Maximum point parameters Current and Heat pulse duration 

(i) 
1A, 1s 

(ii) 
1 A, 2.5s 

(iii) 
1.5 A, 1s 

(iv) 
1.5 A, 2.5s 

(v) 
2 A, 1s 

(vi) 
2 A, 2.5s 

Tm MDPB (◦C) 0.07 0.18 0.16 0.43 0.30 0.78 
tm MDPB (s) 232.0 234.8 238.4 233 232.8 233.4 
Tm HDPB (◦C) 0.06 0.15 0.14 0.36 0.25 0.66 
tm HDPB (s) 235.6 233.8 233 237.4 234.6 237.8 
ΔTm MD-HD (◦C) 0.01 0.03 0.02 0.07 0.05 0.12 
Δtm MD-HPD (s) − 3.6 1.0 5.4 − 4.4 − 1.8 − 4.4  
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Table 2 
The calculated statistical average of κ, C, λ, α, and Q, with a standard deviation given for of Oak MDPB obtained using CM.  

Pulse Width (s) Current (A) κ × 10 − 7 [m2 s− 1] StDev κ × [m2 s− 1] c [J (kg K) − 1] StDev c [J (kg K) − 1] λ [W (m K) − 1] StDev λ [W (m K) − 1]  

1.0 0.1377 0.00079 1413.00 10.665 0.1496 0.00197 
1.0 s 1.5 0.1376 0.00031 1409.47 4.676 0.1491 0.00081  

2.0 0.1373 0.00022 1405.94 1.386 0.1484 0.00037  
1.0 0.1367 0.00033 1392.32 2.568 0.1464 0.00042 

2.5 s 1.5 0.1366 0.00028 1390.55 3.566 0.1461 0.00037  
2.0 0.1359 0.00012 1388.65 1.093 0.1451 0.00025  

Pulse Width (s) Current (A) α [W (m− 2 K− 1)] StDev α [W (m− 2 K− 1)] Q [J m− 2] StDev Q [J m− 2]  

1.0 34.34 22.966 2915.0 0.23 
1.0 s 1.5 26.79 4.589 6768.1 0.85  

2.0 36.87 5.923 12129.2 2.08  
1.0 1228.54 3916.756 7368.1 1.52 

2.5 s 1.5 315.41 490.068 17274.5 2.25  
2.0 11.21 1.712 31437.5 12.14  

Fig. 7. The plot of dependency of thermophysical parameters on heat pulse power for oak HDPB (left) and MDPB (right). For a given range of heat pulse powers, the 
data are relatively stable, mainly for HDPB. The error bar decreases with increasing heat output in both cases. Generally, the measurement uncertainty is bigger for 
MDPB. The last graph with heat transfer coefficient of MDPB (right) was plot in fine scale to.be comparable with HDPB on the left. 
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values obtained for higher energy values are estimated more unambig
uously. Nevertheless, due to the very low percentage error in the data, 
we consider the values to be reliable and correspond to the usual mea
surement error. 

The thermophysical data obtained from two different densities have 
shown negligible dependence on selected input heat power for thermal 
diffusivity and thermal conductivity. Additionally, higher-density 
particleboard has slightly higher thermophysical parameters than me
dium density particleboards. This suggests a robustness in the measured 
values, regardless of the heat pulse power used for the experiment. From 
the general theory of basic data consistency condition λ = κρc the higher 
the density the higher the thermal transport properties, e.g thermal 
diffusivity and thermal conductivity. On the contrary, with increasing 
density, the order of atomic, molecular or particle arrangement is higher 
and thus the free energy of the system is lower and the specific heat 
capacity values should decrease. It follows from one of the consequences 
of the second law of thermodynamics that the specific heat capacity is a 
measure of the arrangement of the system. 

It was observed also that the estimation of the heat transfer coeffi
cient parameter with standard deviation has the highest uncertainty, as 
indicated by the sensitivity coefficient analysis described in the litera
ture (ISO/IEC Guide 98-3) (Beck and Arnold, 1997). 

The optimization of the parameters of the pulse power, i.e., the 
power of the pulse and its duration used for the experiment, was 
analyzed using the theory of sensitivity coefficients and the analysis of 

uncertainties in parameter estimation. Fig. 8 represent the plot of 
sensitivity coefficients for βκ, βλ, and βα against dimensionless time 
expressed as a Fourier number (F= (k*t)/h2). Theoretical calculation of 
sensitivity coefficients were performed for pulses generated by current 
1A, 1.5A and 2A. The values of the sensitivity coefficients increase with 
the increase in the pulse power. Figs. 8 and 9 shows the time courses of 
the sensitivity coefficients for all used current combinations for pulse 

Table 3 
The calculated statistical average of κ, C, λ, α, and Q, with a standard deviation given for Oak HDPB obtained using CM. (Boháč et al., 2023).  

Pulse Width (s) Current (A) κ × 10 − 7[m2 s− 1] StDev κ × 10 − 7 [m2 s− 1] c [J (kg K)− 1] StDev c [J (kg K)− 1] λ [W (m K) − 1] StDev λ [W (m K) − 1]  

1.0 0.1477 0.00105 1454.9 4.375 0.18024 0.00126 
1.0 s 1.5 0.1478 0.00098 1445.2 3.036 0.17914 0.00106  

2.0 0.1478 0.00035 1445.6 2.336 0.17919 0.00054  
1.0 0.1482 0.00064 1438.5 6.716 0.17873 0.00064 

2.5 s 1.5 0.1483 0.00028 1441.3 3.718 0.17930 0.00048  
2.0 0.1477 0.00024 1445.2 1.849 0.17907 0.00040  

Pulse Width Current (A) α [W (m− 2 K− 1)] StDev α [W (m− 2 K− 1)] Q [J m− 2] StDev Q [J m− 2]  

1.0 10.42 1.285 2874.5 1.493 
1.0 s 1.5 7.78 1.695 6596.2 8.551  

2.0 6.04 1.786 11942.8 10.696  
1.0 7.79 3.113 4327.4 2.158 

2.5 s 1.5 6.04 1.460 9965.8 5.038  
2.0 6.54 1.113 18167.7 21.781  

Fig. 8. The sensitivity coefficient βκ, βλ, and βα plotted against dimensionless time expressed as a Fourier number. Theoretical calculations of sensitivity coefficients 
are given for pulses generated by current 1A, 1.5A and 2A. The values of the sensitivity coefficients increase with the increase in the pulse power. 

Fig. 9. Sensitivity coefficient of heat transfer coefficient βα calculated for the 
current of 1A and different pulse durations. The magnitude of the negative peak 
increases to − 0.002 for 1A, − 0.017 for 1.5A and − 0.024 for 2A. 
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durations of 1 s. The graph clearly shows an increase in sensitivity with 
an increase in current height and increasing time. The thermal diffu
sivity and thermal conductivity sensitivity coefficients reach their 
maximum at 0.25 F and 0.5 F. The sensitivity coefficient for the coeffi
cient of heat transfer to the surrounding has a maximum of around 1.5 F. 
Its course increases with increasing time in accordance with the 
assumption that the effect of heat transfer to the surrounding from the 
free surface of the sample in the lateral direction increases with time. 
The higher the applied current and the longer the scanning time of the 
thermal response, the higher were the maximum values of the sensitivity 
coefficients depending on the increasing dimensionless time - Fourier 
number. After reaching the maximum, their values drop to zero due to 
long thermal response times. The conclusion of this analysis is that there 
is no reason to continue scanning the thermal response beyond this time. 

The analysis of time-dependent transport phenomena using the 
Fourier number allows us to compare different measurement conditions 
in the analysis of wood composite samples. Conversion of real time to 
Fourier number unifies the characteristic time points of the sensitivity 
coefficient maximum. For all materials, the maximum should be found 
at the same value of F. This makes it possible to compare different ma
terials and find the best sensitivity of the model to different experi
mental conditions. This method helps to find the best optimal 
parameters for the experiment. Fourier number is defined as the ratio of 
time t, to the characteristic time scale for heat diffusion td. For heat 
transported through a sample material of thickness h with known ther
mal diffusivity κ, the diffusion time scale is td = h2/κ, so that F = κ.t/h2. 
In Fig. 9, the sensitivity coefficient for the heat transfer coefficient βα is 
shown separately to provide a more detailed resolution of the effect of 
increasing sensitivity coefficient values with increasing pulse power. 

During recording of the thermal response to the heat pulse, the 
generated heat takes a longer time to penetrate the sample and reach the 
thermocouple. During this process, however, the effect of heat loss from 
the surface of the sample in the lateral direction will begin to manifest 
itself. The heat flow that heats the sample at the location of the ther
mocouple located at the interface of sample parts II and III is divided into 
axial and lateral, which ultimately reduces the height of the thermal 
response. Without including this effect in the model, it would not be 
possible to fit the thermal response curve as plotted in Figs. 5, and Fig. 6. 

When the sensitivity coefficients increase with time with a positive or 
negative maximum and then begin to decrease, the positions of their 
maxima indicate the optimal range of the time window for parameter 
estimation by the given model. This means that the optimum time 
should be 1.5 F, e.g. the maximum βα. The uncertainty of parameters 
estimation is connected with this analysis. Consequently, the calculated 
relative uncertainty of the estimated parameters κ, λ and α decreases 
with time. The consideration of heat losses from the surface in the form 
of the heat transfer coefficient α is crucial because it affects the height of 
the measured thermal response illustrated in Figs. 5, and Fig. 6. Higher 
values of the coefficients of sensitivity of thermal diffusivity and thermal 
conductivity are related to lower uncertainty of the estimation of these 
parameters, and their values are determined unambiguously with a high 

reliability. The relatively large variance of the values of the heat transfer 
coefficient for lower pulse powers is related to its small sensitivity co
efficients and, consequently, the high value of the relative uncertainty of 
determining this parameter, so this parameter is not possible to estimate 
so unambiguously. However, the uncertainty of the estimate for this 
parameter decreases with increasing heat pulse power, e.g., higher 
currents and longer duration of the heat pulse. 

In the future, it may be necessary to evaluate the context and other 
relevant factors and interpret the implications in the case of a low 
sensitivity of parameter. Fig. 10 shows the calculated relative un
certainties of the free parameters of the cuboid model for thermal 
diffusivity, thermal conductivity, and heat transfer coefficient from the 
sample surface in the lateral direction as a function of dimensionless 
time F for all heat puwers used in experiment. The relative uncertainty 
of determining these parameters decreases with the increasing time of 
the thermal response scan. At values above 0.5 F, the decrease is no 
longer so significant. Therefore, the measurement until 200s–300s is 
required for the measurement to rich sufficient accuracy. From the 
theoretical point of view the coefficient of sensitivity βα has an 
extremum in negative values approximately at 1.5F (819 s). As a 
compromise, we used 1.1 F (600 s) for total time recording to obtain 
accurate measurements and account for heat loss from the sample sur
face. Above this value, the uncertainty decreases very slowly, so there is 
practically no reason to extend the measurement time. 

It is clear from Fig. 9 that the sensitivity coefficients βα in response to 
a heat pulse are not sensitive to changes for small pulse powers. The time 
courses of the uncertainties of parameter estimation help to determine 
the setting of experimental conditions to achieve the required accuracy 
of measurements. In the future, context and other relevant factors may 
need to be evaluated and the consequences of low sensitivity 
interpreted. 

The sensitivity coefficients initially increase with, reaching a 
maximum before gradually decreasing. Simultaneously, the relative 
uncertainty in the estimation of coefficients κ, λ and α decreases with 
time. Incorporating heat losses from the surface in the form of the heat 
transfer coefficient α is crucial because it affects measured thermal 
response illustrated in Figs. 5, and Fig. 6. Higher sensitivity coefficients 
for thermal diffusivity and thermal conductivity correspond to more 
precise parameter estimation, providing reliable results. Conversely, the 
heat transfer coefficient exhibits a relatively large variance in values due 
to smaller sensitivity coefficients, resulting in higher relative uncer
tainty when estimating this parameter. However, this uncertainty de
creases with increased pulse power, such as higher currents and longer 
heat pulse durations. For our theoretical analysis and assumptions, we 
also tried to check the implications of increasing input current and heat 
pulse energy using the same thermophysical parameters in the concern 
of reducing uncertainty errors and corresponding sensitivity analysis. 

We theoretically analyzed how the results would change when using 
higher values of heat pulse energy by increasing the pulse current to 3A 
or 5A. The calculations were carried out using thermophysical param
eters that we obtained experimentally and are presented in Table 3. The 

Fig. 10. The plot of the analysis of calculated uncertainties for thermal diffusivity and thermal conductivity and heat transfer coefficient as a function of dimen
sionless time up to 4F - Fourier number (F= (k*t)/h2). Parameters for the calculations were: Pulse width t0 = 1 s, current values 1A, 1.5A, 2A and thickness 8.71 mm. 
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results can be seen in Figs. 11 and 12, which, according to the theory, 
meet our assumption of an increase in the values of the sensitivity co
efficients and a decrease in the uncertainty values. Experimentally, 
however, the pulse performance is limited by the hardware options of 
the RT-Lab measuring unit and probably also by the problem of the 
flammability of the HDPB and MDPB samples and their thermal stabil
ity, because of their carbonization or overheating could occur. The 
sensitivity coefficients of all parameters for increased pulse power in 
Fig. 11 has increased up to two or three times compared to Fig. 9. 

The heat transfer coefficient is a crucial parameter for the cuboid 
model, as it largely characterizes the relative uncertainty of determi
nation of other parameters as well. This parameter, as discussed in the 
model theory chapter, helps to account for the heat loss effect from the 
sample surface to the surroundings. It is a critical issue in longer thermal 
response measurements. The mentioned analysis of the uncertainties 
calculated using the sensitivity coefficients of the free parameters of the 
model helps to compare their possible linear dependence and to deter
mine the time interval on the thermal response curve where the pa
rameters can be unambiguously estimated and where the uncertainty is 
minimal, or at least sufficient. As a result, accurate parameter estimation 
becomes challenging. 

4. Conclusions 

The investigation of the thermophysical properties of MDPB was 
successfully carried out, covering the original purpose of the research. 
The thermophysical parameters of the MDPB were studied by means of 
the pulse transient method using the cuboid model. Measurements were 

performed under room conditions. These data were compared with the 
data obtained at HDPB published in (Boháč et al., 2023). Parameters 
such as thermal diffusivity, thermal conductivity, and specific heat ca
pacity were calculated with statistical differences of less than 1.32% and 
less than 40% for the real values of the heat transfer coefficient. 

In total, more than 100 measurements of oak HDPB and MDPB were 
statistically processed to calculate average values of thermophysical 
parameters. The comparison of the data proved beneficial in providing 
an overview of strategic opportunities for the variation with the power 
of the generated heat pulses. Comparing the results of measurements 
and calculated statistical errors with the analyzed uncertainties of the 
parameters estimated by the cuboid model made it possible to better 
analyze the effect of the change in experimental conditions on the 
resulting uncertainty of parameter determination. The Marquardt- 
Levenberg minimization procedure was used to estimate the parame
ters using the cuboid model. In addition, using the theory of sensitivity 
coefficients and uncertainty calculations, the availability of the cuboid 
model for the pulse transient method was successfully confirmed. 

An investigation of the thermophysical parameters of two types of 
turkey oak chipboards revealed the significant role of the thermal pulse 
energy used in the measurements to check possible effect of thermal 
resistance, as well as the optimization of the thermal response time 
window used to estimate the parameters by fitting using a cuboid model. 
This knowledge will contribute to the development of knowledge in the 
field of thermal behavior of wood and its products for application in 
house construction. The results of this research will be used in the 
construction of sustainable building envelopes. 

Fig. 11. The analysis of relative uncertainty for hypothetical values of currents and energy of heat pulses within the dimensionless time scale F consistent with 
previous results. To calculate the energy of the heat pulse 27030 (J m− 2) and 75080 (J m− 2) as input parameters, the duration of the heat pulse 1s and the currents 3A 
and 5A, as well as the area of the heat source (0.0025 m2), were used. On the right, a clear image of all thermophysical parameters was drawn, registering the point of 
change in the bend of the curve in relation to the time when the uncertainty value starts to decrease much more slowly. In general, this shows that the higher the 
input current, the greater the decrease in uncertainty observed with increasing Fourier time. 

Fig. 12. The analysis of sensitivity coefficients for hypothetical values of currents and energy of heat pulses within the dimensionless time scale F consistent with 
previous results. The same input parameters as in Fig. 11 were used to calculate the thermal pulse energy of 27030 (J m− 2) and 75080 (J m− 2). 
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Glossary 

T: temperature field for cuboid sample geometry 
TN: temperature field inside the specimen 
t: time 

z: axial space coordinate; x, y transversal space coordinates 
L1: length of the sample on the left; L2 length of the sample on the right (II + III); L = (L1 +

L2)/2 
2a: transversal size of the sample 
q: Mean heat flow density at source 
λ: Thermal conductivity 
κ: Thermal diffusivity 
α: Heat transfer coefficient for sample – ambient interface 
c: specific heat capacity 
Φ*(u): the complementary error function 
μn: the roots of the equation β cos μ − μ sin μ = 0 
R: the electrical resistance of the heat source [Ωm− 2] 
t0: the width of the current pulse 
ρ: the sample’s density under room conditions 
I: the heating current passing the plane heat source 
h: the width of the sample, e Euler’s number 
Tm: the maximum of the thermal response measured at the time tm 
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