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Abstract Accuracy and effectiveness of predicting the

heat transfer in wood-based panels is increasingly impor-

tant for describing their behavior, especially for varying

environmental conditions. To model the heat transfer in

wood-based panels it is essential to input credible data on

their thermal properties. Therefore, proper estimation of

the specific heat and thermal conductivity is fundamental.

A finite element inverse analysis procedure was developed.

The procedure was designed in such a way that anisotropy

of the thermal conductivity was accounted for. For all

analyzed wood-based panels, in-plane thermal conductivity

was significantly higher compared to the transverse one,

and it was recommended to consider the anisotropy, and to

use both in-plane and transverse thermal conductivity for

modeling heat transfer. The effect of temperature on ther-

mal conductivity was not clearly manifested. The thermal

conductivity values were decreasing or increasing with

temperature. In some cases this influence was practically

insignificant (i.e. OSB), while for low density fiberboard

the effect of temperature on thermal conductivity was the

highest. The identification procedure was validated and its

credibility was assessed. It was shown that data on thermal

properties available in the literature should not be recom-

mended to model the heat transfer.

1 Introduction

The importance of accurate and effective prediction of heat

transfer processes in wood-based panels is increasing with

respect to describing in-service behavior of the panels,

especially for varying environmental conditions. Another

problem related to heat transfer modeling is linked with

manufacturing processes of the panels, mainly due to the

importance of the cooling phase. The heat transfer pre-

diction requires among others credible data on thermal

properties of investigated materials. Therefore, proper

estimation of the specific heat and the thermal conductivity

may be essential for increasing accuracy of predictions.

The problem of the specific heat measurements of wood-

based panels has already been discussed in a previous study

and new results of the property have been delivered

(Czajkowski et al. 2016). Data describing the thermal

conductivity, obtained 40 and 50 years ago (e.g. Ward and

Skaar 1963; TenWolde et al. 1988), are still frequently

applied to heat transfer modeling, in spite of the fact that

traditional experimental methods for determining the data

are not capable of dealing with dependency of the prop-

erties on temperature.

The steady-state method was most often applied when

determining the thermal conductivity of wood-based pan-

els. Although different modifications of experimental set-

ups had been made, the guarded hot plate apparatus (e.g.

Speyer 1994; Sonderegger and Niemz 2009) and the heat-

flow meter apparatus (e.g. Kamke and Zylkowski 1989;

Kawasaki and Kawai 2006) were the ones most often

applied. However, the application of the hot plate apparatus

required several methodological assumptions, which

imposed performing measurements in the steady-state for

absolutely dry and isotropic materials. Moreover, the

thermal conductivity values were assigned to the average
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temperature of heater and cooler surfaces. The perfect

contact of the examined material with the heater and cooler

surfaces had to be assumed (e.g. Bučar and Straže 2008).

The assumption is hardly satisfied in the case of wood-

based panels, which implies a serious inaccuracy of the

measurements. The application of the steady-state method

makes it impossible to account for the thermal conductivity

anisotropy and the property dependence on temperature.

Despite the serious restriction of the application of the

steady-state method, the guarded hot plate apparatus is

often used to determine the thermal conductivity of wood-

based panels as a function of moisture content (e.g. Son-

deregger and Niemz 2012), temperature (e.g. Vololonirina

et al. 2014) and directions of heat conduction (Schneider

and Engelhardt 1977).

Another problem related to the hot plate apparatus

application is attaining the steady-state for the heat con-

duction, which is usually considered as hard or even

impossible to be obtained (Lewis 1967). This problem as

well as long measurements time induced the development

of alternative transient methods for determining the ther-

mal conductivity. The principle merit of the transient

methods is a relatively short duration of the experiments

(Asako et al. 2002) as well as measurements for samples of

different shapes. The short time of experiments has a

special importance in the case of measurements of moist

materials as it reduces water transfer in samples and

improves accuracy of measurements. The thermal con-

ductivity measurements with the application of the hot

wire, hot strip or transient plane source (e.g. Asako et al.

2002; Gobbé et al. 2004; Kotlarewski et al. 2014) are

associated with serious problems related to the determi-

nation of the amount of heat emitted by a heating element

as well as the reduction of the contact resistance at the

interface between a heating element and the examined

material (Hammerschmidt and Sabuga 2000).

Recently, Zhou et al. (2013) applied the light flesh

method to measure thermal diffusivity of commercial MDF

for three levels of moisture content and six different values

of temperature. The obtained results were used to calculate

thermal conductivity values. The property was determined

for the transverse direction. However, the obtained

dependence of the thermal conductivity on temperature

was ambiguous. Another study on the thermal properties of

commercial MDF was presented by Li et al. (2013). The

thermal conductivity was measured with the transient plane

source method and hot plate method. The obtained results

clearly showed that the methods should not be applied to

commercial wood-based panels which are characterized by

the density profile in the transverse direction.

The inaccurate values of the thermal properties imply

significant errors of heat transfer modeling. The problem

has already been discussed for solid wood in Olek and

Guzenda (1995), Weres et al. (2000), Olek et al. (2003).

The complexity and susceptibility to errors of the direct

measurement methods for determining thermal properties

of wood-based panels result in severe uncertainty of pre-

dictions of heat transfer processes in such modern materi-

als. An alternative approach was used in the present study

in order to improve accuracy of the thermal conductivity

determination. The approach was based on the computer-

aided heat transfer inverse analysis applied to identify the

unknown or uncertain thermal properties (Alifanov 1994;

Isakov 1998; Kirsch 1996; Weres et al. 2000; Weres and

Olek 2005). Therefore, the objective of the paper was to

develop a finite element inverse analysis procedure for

estimating the thermal conductivity in principal directions

of the wood-based panels.

2 Methods

2.1 Experimental data

Experimental material was obtained from the following

wood-based panels: (a) commercial three layer particle-

board of a thickness of 18 mm and mean oven dry density

of 634 kg/m3 (coded as PB1), (b) normal density labora-

tory-made one-layer particleboard of reduced density pro-

file of a thickness of 26 mm and mean oven dry density of

754 kg/m3 (coded as PB2), (c) high density laboratory-

made one-layer particleboard of reduced density profile of

a thickness of 10 mm and mean oven dry density of

973 kg/m3 (coded as PB3), (d) laboratory-made one-layer

low density fiberboards of a thickness of 20 mm and mean

oven dry density of 256 kg/m3 (coded as LDF), (e) com-

mercial oriented strand boards of a thickness of 15 mm and

mean oven dry density of 619 kg/m3 (coded as OSB). The

material was firstly equilibrated under laboratory condi-

tions. Sheets of individual materials were used to form the

samples in a shape of cubes. The dimensions of edges of

the cubes were in the range of 118–182 mm. Five ther-

mocouples were mounted in selected locations of each

sample. Moreover, two additional thermocouples were

installed on the surfaces of the samples. A general

scheme of a sample is presented on the left in Fig. 1. Each

sample had three principle planes of symmetry, which are

also presented in the scheme. It was assumed that the origin

of the orthocartesian system of coordinates was located at

the front bottom left corner of a sample. The locations of

the mounted thermocouples are also schematically depicted

on the right of Fig. 1. The coordinates of the thermocou-

ples locations are listed in Table 1 separately for each

investigated sample.

During transient heat transfer experiments individual

samples were firstly heated in order to obtain a uniform
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distribution of the initial temperature inside the investi-

gated material. Then the cooling phase started, and the

temperature measurements were collected by a data

acquisition system every 300 s with automatic data logging

in the empirical database. An example of empirical data

obtained during the cooling phase of a sample is presented

in Fig. 2. The results were used in the process of thermal

conductivity identification. The other sets of empirical data

registered during heat transfer processes were applied to

validate the identified coefficients of the mathematical

model of the process.

2.2 Mathematical model of transient heat transfer

The mathematical model of the transient, three-dimen-

sional, quasi-linear heat transfer problem in anisotropic

materials is given by the quasi linear partial differential

equation:

cq
ot

os
¼ r krtð Þ; x; sð Þ 2 X� (0,sF] ð1Þ

with the initial condition

t x; 0ð Þ ¼ t0 xð Þ; xð Þ 2 X ð2Þ

and the first kind boundary condition

t x; sð Þ ¼ ts xð Þ; x; sð Þ 2 oXI � ð0; sF �: ð3Þ

The temperature influence on the thermal conductivity

values was also accounted. Therefore, two options of the

thermal conductivity parameterization were considered:

k ¼ a; ð4Þ
k ¼ aþ b � t: ð5Þ

2.3 Inverse identification

The operational form of the transient heat transfer model

(1)–(5) was obtained by the application of the finite

Fig. 1 Sample for transient

heat transfer experiments with

depicted principle symmetry

planes (left) and locations of

thermocouples mounted inside

the investigated material (right)

Table 1 Coordinates of the

thermocouples locations in mm
Codes Thermocouples location

#1 #2 #3 #4 #5 #6 #7

PB1 80; 80; 80 53; 80; 80 26; 80; 80 0; 80; 80 80; 80; 53 80; 80; 26 80; 80; 0

PB2 84; 84; 84 51; 84; 84 31; 84; 84 0; 84; 84 84; 84; 51 84; 84; 31 84; 84; 0

PB3 72; 72; 72 36; 72; 72 18; 72; 72 0; 72; 72 72; 72; 36 72; 72; 18 72; 72; 0

LDF 59; 59; 59 60; 59; 59 20; 59; 59 0; 59; 59 59; 59; 40 59; 59; 20 59; 59; 0

OSB 90; 91; 90 60; 91; 90 30; 91; 90 0; 91; 90 90; 91; 61 90; 91; 31 90; 91; 0

Time; min
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Fig. 2 Experimentally determined temperature changes as a function

of time by sensors (thermocouples) #1, #2, #3, #4, #5, #6 and #7 as

obtained for the cooling phase of a transient heat transfer experiment

made for laboratory-manufactured high density particleboard (code

PB2)
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element method. The solution of the direct transient heat

transfer problem resulted in calculating temperature values

at positions consistent with the locations of the mounted

thermocouples and for each time instant of the investigated

processes. The calculated temperature values were com-

pared to the measured values in the transient heat transfer

experiments. It enabled determining values of the objective

function (S) which was defined as the sum of the squares of

the residuals of the measured and predicted values of

temperature:

S ¼
XNT

i¼1

wi texp sið Þ � tpred sið Þ
� �2

: ð6Þ

The objective function values were minimized with the

use of the optimization procedure based on the trust region

algorithm combined with the secant-updating quasi-

Newton procedure to approximate the Hessian (Weres

et al. 2009). The inverse identification approach was

implemented and coded in Lahey/Fortran 95 environment.

As the number of time intervals (NT) was different for the

analyzed heat transfer processes, the normalized objective

function (SN) was defined to compare the effectiveness of

the identification:

SN ¼ S

NT � NS ; ð7Þ

where NS denotes number of sensors (thermocouples).

3 Results

Although the inverse modeling is an effective method for

the identification of materials properties it reveals a serious

drawback when applying the method to simultaneous

determination of the specific heat and the thermal con-

ductivity. Huang and Yan (1995) stated that the arbitrarily

selected initial values of the properties led to obtaining the

infinite number of pairs of the coefficients to be sought. It

was observed for the same values of the objective function

minimum. Therefore, Huang and Yan (1995) suggested

that the identification should exploit credible data of one of

the properties, i.e. the specific heat or the heat conductivity.

Kim et al. (2003) used the experimentally determined

specific heat values for the inverse identification of the

thermal conductivity of anisotropic composite material. A

similar approach was used by Monteau (2008) for sand-

wich bread. The specific heat was firstly measured with a

DSC system, and the obtained results were used for the

inverse identification of the thermal conductivity as a

function of temperature. The present study exploited the

same methodology and the results of the specific heat

measurements as reported by Czajkowski et al. (2016) were

used for determining the thermal conductivity with the

inverse method.

It was assumed that due to the space orientation of

strands, particles or fibers in wood-based panels, the in-

plane thermal conductivities have to be similar and it was

postulated in the present study to regard the in-plane values

of the property as equal. Therefore, the identification

comprised finding the in-plane thermal conductivity and

the transverse thermal conductivity which were parame-

terized by Eqs. (4) and (5). It resulted in finding a constant,

independent of temperature, value of the property as well

as the thermal conductivity values being the linear function

of temperature. The results of the identification as obtained

for five analyzed wood-based panels are presented in

Table 2. The values of the coefficients a and b were sup-

plemented by the objective function (S) and the normalized

objective function (SN). It enabled to estimate the influence

of temperature on the thermal conductivity. The most

significant temperature influence was found for LDF as the

SN values were reduced 6 times when introducing the

linear dependence on temperature (Table 2).

The identified results of the thermal conductivity were

compared to the data available in the literature. It was

assumed that the comparison was made for the same type of

wood-based panels of similar density, i.e. for OSB (Fig. 3)

and particleboard coded as PB1 (Fig. 4). The data provided

for OSB by Kawasaki and Kawai (2006) did not account for

anisotropy and temperature influence. Moreover, the iden-

tified values of the in-plane and transverse thermal con-

ductivity were much higher than the data reported by

Kawasaki and Kawai (2006). In the case of particleboard,

Sonderegger and Niemz (2009) considered the temperature

influence on the thermal conductivity data obtained for the

transverse direction. The reported temperature influence was

considered in the range of 10–30 �C (Fig. 4), and the dis-

cussed values of the thermal conductivity were similar to the

ones identified in the present study for the transverse

direction. The anisotropy of the thermal conductivity was

also studied by Li et al. (2013). The measurements were

made for the center and surface layers of commercial MDF.

It was found that for the center layer with a density of ca.

600 kg/m3 the in-plane thermal conductivity was approxi-

mately twice as high as in the transverse direction, while for

the surface layer of the density of ca. 950 kg/m3 the thermal

conductivity values were almost equal for both directions.

Unfortunately, the comparison of the thermal conduc-

tivity data, as presented above, cannot deliver information

on the reliability of the discussed properties. The only

procedure for the assessment of the values is related to their

validation, i.e. using the data for modeling heat conduction

and comparing the calculated temperature values to the

ones obtained in experiments.
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3.1 Validation of identification

The validation of the identified thermal conductivity values

had to be limited for materials for which the thermal prop-

erties were also available in the literature. Therefore, two

case studies of the validation were performed. The first one

was made for OSB and the properties taken from Kawasaki

and Kawai (2006), i.e. for a density of 660 kg/m3, specific

heat of 1500 J/(kg K), and thermal conductivity equal to

0.12 W/(m K) as determined at a temperature of 20.3 �C.

The OSB thermal properties of the present study consisted

of the following values: density of 619 kg/m3, specific heat

of 1552 J/(kg K) as reported by Czajkowski et al. (2016)

and the identified in-plane and transverse thermal conduc-

tivity parameterized by Eq. (5) with coefficients given in

Table 2.

Table 2 Values of the coefficients estimated by the inverse modeling

Codes Direction of heat conduction Empirical model Identified coefficients S NT NS SN

a b

PB1 Transverse Equation (4) 0.1130 – 291 240 5 0.24

Equation (5) 0.1075 0.00004645 113 0.09

In-plane Equation (4) 0.2835 – 291 0.24

Equation (5) 0.3593 -0.0008751 113 0.09

PB2 Transverse Equation (4) 0.1273 – 95 72 5 0.26

Equation (5) 0.2191 -0.001000 35 0.10

In-plane Equation (4) 0.2941 – 95 0.26

Equation (5) 0.1577 0.001599 35 0.10

PB3 Transverse Equation (4) 0.1955 – 34 72 5 0.10

Equation (5) 0.3836 -0.002048 20 0.06

In-plane Equation (4) 0.3849 – 34 0.10

Equation (5) 0.2624 0.001347 20 0.06

LDF Transverse Equation (4) 0.03518 – 1162 60 5 3.87

Equation (5) -0.01049 0.0006215 189 0.63

In-plane Equation (4) 0.09802 – 1162 3.87

Equation (5) -0.008881 0.001265 189 0.63

OSB Transverse Equation (4) 0.1672 – 160 360 5 0.09

Equation (5) 0.2154 -0.0006215 82 0.05

In-plane Equation (4) 0.2754 – 160 0.09

Equation (5) 0.2747 0.0000160 82 0.05
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Fig. 3 Comparison of the thermal conductivity values for OSB as

identified by the inverse modeling and reported by Kawasaki and

Kawai (2006)
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Fig. 4 Comparison of the thermal conductivity values for particle-

board (PB1) as identified by the inverse modeling and reported by

Sonderegger and Niemz (2009)
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The second case study of validation was performed for

particleboard being similar to PB1. The thermal properties

data were obtained from Sonderegger and Niemz (2009) for

particleboard of a density equal to 637 kg/m3 and moisture

content of 8.8 %. The thermal conductivity value of

0.1081 W/(m K) was determined from the reported empirical

relation for a temperature of 30 �C. Sonderegger and Niemz

(2009) did not provide information on the specific heat of the

investigated particleboard, therefore the value of 1441 J/

(kg K) was taken from TenWolde et al. (1988). The data were

supplemented again by the set of properties obtained for PB1.

The set consisted of a density of 634 kg/m3, specific heat of

1441 J/(kg K) as measured by Czajkowski et al. (2016) and

the identified in-plane and transverse thermal conductivity

parameterized by Eq. (5) with coefficients given in Table 2.

For both case studies of the validation the numerically

obtained temperature changes in time were compared to the

empirical data of experiments that were not used for the iden-

tification (Figs. 5, 6). In order to quantify the quality of the

coefficient estimation, two errors were defined and calculated

(Olek et al. 2003), i.e. the local in time relative error e1:

e1 xi; sj
� �

¼ 100
texp xi; sj

� �
� t xi; sj

� ��� ��
texp xi; sj

� � ;

i ¼ 1; . . .;NS; j ¼ 1; . . .;NT

ð8Þ

and the global in time relative error e2:

e2 xið Þ ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PNT

j¼1

texp xi; sj
� �

� t xi; sj
� �� �2

s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PNT

j¼1

texp xi; sj
� �2

s ;

i ¼ 1; . . .;NS:

ð9Þ

The analysis of the local in time relative error e1 (bottom

plots in Figs. 5 and 6) and the global in time relative error

e2 (Table 3) led to the statement that the application of the

data of thermal properties being available in the literature

generated unacceptable inaccuracy of heat transfer

modeling. It practically disparaged the data for predicting

transient heat transfer in wood-based panels. The

significant improvement of modeling was obtained when

applying the measured values of specific heat (Czajkowski

et al. 2016) as well as identified values of the in-plane and

transverse thermal conductivity.

4 Conclusion

1. The application of the inverse method to the thermal

conductivity identification enabled to account for ani-

sotropy of the property. It was found for all analyzed

wood-based panels that the in-plane thermal conduc-

tivity was significantly higher than the transverse one.

Therefore, it was recommended to account for the

anisotropy and use both in-plane and transverse ther-

mal conductivity when modeling heat transfer in

packages of wood-based panels.

2. The reported temperature influence on the thermal

conductivity was not clear for the considered wood-

based panels. It manifested in the different tendency of

the influence, i.e. the thermal conductivity values were

decreasing (e.g. transverse thermal conductivity for

PB2 and PB3) or increasing (e.g. in-plane and

transverse thermal conductivity values for LDF) with

temperature for a given direction of heat transfer.

Moreover, for some materials the influence was

practically insignificant (i.e. PB1 and OSB), while
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Fig. 5 Predicted temperature values as functions of time for iden-

tified thermal properties and empirical data reported by Kawasaki and

Kawai (2006) compared to experimental data (upper plot), and the

relative error e1 of modeling (bottom plot). OSB, thermocouple #3
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the relative error e1 of modeling (bottom plot). PB1, thermocouple #1

582 Eur. J. Wood Prod. (2016) 74:577–584

123



for LDF the highest influence of temperature on the

identified thermal conductivity was found.

3. The evaluation of the credibility of the thermal

conductivity identification was effectively made by

the implementation of the validation procedure. It was

clearly shown that the thermal properties data avail-

able in the literature should not be used for modeling

heat transfer in packages of wood-based panels, i.e. for

heat transfer options in which in-plane and transverse

heat conductivity had to be considered.
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