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Abstract
The hot-disk method is a transient method for the measurement of thermal properties. This method can measure
both the thermal conductivity and thermal diffusivity in a short time for isotropic materials. To establish a method for
measuring the thermal properties of wood by the hot-disk method, the relationship between the thermal properties of wood obtained by the hot-disk method and those obtained by the steady-state method was investigated.
The thermal properties were measured by the hot-disk method using small pieces of kiri (Paulownia tomentosa), sugi
(Cryptomeria japonica), hinoki (Chamaecyparis obtusa), yachidamo (Fraxinus mandshurica), and buna (Fagus crenata)
when the hot-disk sensor was in contact with the cross section, radial section, and tangential section. The thermal
conductivities in the longitudinal, radial, and tangential directions were also measured by the comparison method
using the same specimen. The thermal properties obtained by the hot-disk method and the steady-state method
were compared, based on the assumption that the thermal diffusivity measured by the hot-disk method was the
geometric mean of that in the two main directions in the plane of the sensor, and the thermal conductivity measured
by the hot-disk method was a power of that in three main directions. As a result, the thermal conductivity obtained
by the hot-disk method was 10–20% higher than that obtained by the steady-state method; the thermal diffusivity
measured by the hot-disk method was equal to that obtained by the steady-state method on average, while in the
former thermal diffusivity varied widely. These results were found to be explainable in terms of the Dufour effect,
which is the heat flow induced by the mass flow caused by the heating of the sensor, and the existing findings on the
time dependence of the sensitivity coefficient in the hot-disk method. The present study proposed two methods for
calculating the thermal properties of wood from the hot-disk method were proposed, and it was found that the errors
between the obtained thermal properties and those obtained by the steady-state method differed depending on the
calculation method.
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Introduction
The insulation performance of wood and wood materials
is an important property of building materials, affecting
the thermal comfort of living spaces and the efficiency of
heating and cooling. The thermal conductivity, specific
heat, thermal diffusivity, and density affect the insulation performance of a building; therefore, it is essential
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to measure these properties of wood and wood materials used as building materials. Among them, the thermal
conductivity is measured by two methods: the steadystate method or transient method (non-steady-state
method). In the steady-state method, the thermal conductivity λ (W/mK) is determined from the temperature
gradient of a material, dT/dx (K/m), given a steady-state
heat flow J (W/m), according to Fourier’s law (Eq. 1):

J =

dT
.
dx

(1)

This method is often used to measure the insulation properties of building materials. The steady-state
method, such as the guarded hot plate [1] and the heat
flow meter [2], can measure the thermal conductivity
with high accuracy, although the measurement requires
a large sample and a long time to reach steady-state heat
flow. On the other hand, in the transient method, the
thermal diffusivity is determined from the temperature
change when a sample is heated. Compared to the steadystate method, the transient method has the advantages of
a shorter measurement time and the ability to perform
measurements on small samples. There are several variations of the transient methods and some of them have
been studied in terms of the application to wood. For
example, Harada et al. measured the thermal constants
of wood when heated from room temperature to 270 °C
using the laser flash method [3], and Jannot et al. evaluated the thermal conductivities in three directions of thin
plates of Ayous using the hot stripe method [4].
In this study, we considered that the hot-disk method,
one of the transient methods, could be applied to measure the thermal properties of wood and wood materials. This method is also called the transient plane source
method. The hot-disk method was developed by Gustafsson to measure thermal properties [5]. One of the
features of the hot-disk method is that measurements
can be extended over a wide range of temperatures, and
both thermal conductivity and thermal diffusivity can be
obtained in a single measurement for isotropic materials
[6]. The relationship between thermal conductivity λ (W/
mK), thermal diffusivity α (m2/s), specific heat C (J/kgK),
and density ρ (kg/m3) can be expressed by the following
equation:

 = αρC.

(2)

This equation indicates that all thermal properties
can be calculated in one measurement of the hot-disk
method for isotropic materials with a known density.
With regard to anisotropic materials, a theory to apply
the hot-disk method was established [7]. This theory
requires separate measurements of the specific heat and

the isotropic measuring surface that is in contact with
the sensor. There are many examples of the measurement
of the thermal properties of inorganic materials such as
metal and glass [8], and this method has been adopted in
the ISO standard to measure the thermal properties of
plastic materials [9].
The hot-disk method has been utilized to determine
the thermal properties of wood, including Suleiman’s
measurement on birch [10], which takes advantage of
the characteristics of this method. Furthermore, Dupleix
et al. measured the thermal properties of beech, birch,
Douglas fir, and spruce at a moisture content above the
fiber saturation point [11]. Yu et al. evaluated the relationship between the thermal conductivity, moisture
content, and density of seven Chinese wood species and
lauan wood [12], and Williams et al. measured the thermal conductivity and thermal diffusivity at 50–300 °C of
heat-treated softwood lumber [13]. The studies by Willams et al. [13], Adl-Zarrabi et al. [14], and Lagüela et al.
[15] conducted measurements using the hot-disk method
for anisotropic materials in which the cross section was
the measurement surface.
However, there are still problems in establishing a
method to measure the thermal properties of wood using
the hot-disk method. One of the problems is the reliability of the measured values. The ISO standard states that a
round-robin test is required when applying the hot-disk
method to materials with low heat capacity, as the heat
capacity of the hot-disk sensor and the heat loss at the
leads can cause measurement error [9]. Previous studies
applying the hot-disk method for anisotropic materials
[14, 15] have shown that the thermal conductivity in the
longitudinal direction obtained by the hot-disk method
was larger than the values found in literature, while that
in the fiber orthogonal direction was similar to the ones
in literature. To improve the reliability of the hot-disk
method for the determination of the thermal properties
of wood, it is essential that the causes of the differences
between the thermal conductivity obtained by the hotdisk method and that obtained by existing methods are
identified.
Another problem is that the measurement results for
the radial and tangential sections as the measurement
planes have not been sufficiently analyzed. In actual
wood products, straight and flat grain boards are mainly
used; thus, it is essential to realize measurements by the
hot-disk method using these surfaces as measurement
surfaces. However, there are no studies that have compared the thermal properties measured by the hot-disk
method in which the measurement surfaces are the radial
and tangential sections with those obtained using other
methods. The existing theories to apply the hot-disk
method to anisotropic materials [7, 9] cannot address this

Maeda et al. J Wood Sci

(2021) 67:20

issue because they require the measurement surface to
be isotropic. On the other hand, Maeda et al. measured
the thermal conductivities of end grain and straight grain
boards by both the hot-disk method and the comparative
method, which is one of the steady-state methods. They
found that the thermal conductivity obtained by measuring straight grain boards using the hot-disk method was
expressed in the form of the product of the thermal conductivity in the longitudinal and radial directions [16]. In
order to realize measurements using the radial and tangential sections, it is essential to clarify the relationship
between the measurement results of the hot-disk method
and existing thermal properties by accumulating experimental results such as the above-mentioned study [16].
The purpose of this study was to clarify the relationship between the thermal properties of the wood in the
longitudinal, radial, and tangential directions and the
measured results of the cross section, radial section,
and tangential section (measurement surfaces) utilizing the hot-disk method. A combination of small pieces
of air-dried wood was used as the test set, and the thermal conductivity in three directions was measured by
the steady-state method. The specific heat was measured by the mixing method, and the thermal properties were measured by the hot-disk method for each test
set. Subsequently, through a comparison of the thermal
conductivity and thermal diffusivity obtained by both
the steady-state and hot-disk methods, the feasibility
of utilizing the measurements obtained by the hot-disk
method to measure the thermal properties of wood was
determined.

Materials and methods
Specimen

Specimens were made from kiri (Paulownia tomentosa),
sugi (Cryptomeria japonica), hinoki (Chamaecyparis
obtusa), yachidamo (Fraxinus mandshurica), and buna
(Fagus crenata). One specimen group consisted of 16
pieces of the same species with dimensions of 25 mm
(L) × 25 mm (R) × 25 mm (T). Pieces in the same specimen group were selected to be close in density. Ten
groups of specimens were prepared from one or two
boards for each species. For the specific heat measurement, another five pieces were prepared for each species
from the same boards. The oven-dry density and moisture content of the specimens are shown in Tables 1 and
2.
Thermal conductivity measurement by the steady‑state
method

The thermal conductivities for the longitudinal, radial,
and tangential directions were measured using the
comparative method, which is one of the steady-state
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Table 1 Average oven-dry density of specimens
Density (kg/m3)
Kiri

251 (8)

Sugi

309 (27)

Hinoki

424 (11)

Yachidamo

491 (33)

Buna

635 (13)

Note: standard deviations are in parentheses

methods. Test specimens and a silicon rubber plate with
known thermal conductivity were placed between a hot
plate and a cold plate. The temperatures between the cold
plate and silicon rubber plate T1 (°C), that between the
silicon rubber plate and test specimen T2 (°C), and that
between the test specimen and hot plate T3 (°C) were
measured. Because the heat flow through the test specimen and the silicon rubber plate equalized after these
temperatures became constant, the thermal conductivity
of the specimen λ (W/mK) was calculated using the following equation:

 = 0 ×

l
T1 − T2
×
,
l0
T2 − T3

(3)

where l (mm) is the thickness of the test specimen, l0
(mm) is the thickness of the silicon rubber plate which
is 19.9 mm, and λ0 (W/mK) is the thermal conductivity of the silicon rubber plate as shown in the following
equation:

0 = 0.23 − 0.000057(T1 + T2 )/2.

(4)

This equation is a calibration line created from the
thermal conductivities of the silicon rubber plate measured by the heat flux method in accordance with JIS A
1412-2 [17], which can be used for an average material
temperature range of approximately 10–50 °C.
Three measurements were carried out for one specimen group to determine λL, λR, and λT for all specimens,
which are the thermal conductivities for the longitudinal, radial, and tangential directions, respectively. After
the test pieces were aligned in the same direction and
arranged in a 4 × 4 matrix (Fig. 1), they were surrounded
by expanded polystyrene with a width of 10 mm and
tightly bound with a rubber band. Measurements were
carried out using a thermal conductivity measuring
device (HC-J, EKO Instruments B.V.) with the temperatures of the cold plate and hot plate at 5.0 and 35.0 °C,
respectively. The thermal conductivity was calculated
from the temperatures when the change in temperature
at each point became 0.1 °C or less within 30 min after
1 h from the start of the measurements. The averages
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Table 2 Average moisture content of specimens
Comparative method

Hot-disk method

L

R

T

Cross section

Radial section

Tangential section

Kiri

6.4 (0.9)

6.2 (0.7)

6.1 (0.5)

4.7 (0.1)

5.0 (0.1)

5.5 (0.2)

Sugi

9.2 (0.8)

8.9 (0.5)

8.6 (0.4)

7.0 (0.3)

7.4 (0.3)

6.5 (0.4)

Hinoki

7.7 (1.0)

7.5 (0.9)

7.2 (0.8)

6.2 (0.4)

5.7 (0.4)

6.2 (0.5)

Yachidamo

8.8 (1.4)

8.1 (0.9)

7.7 (0.8)

6.2 (0.2)

6.1 (0.3)

5.7 (0.2)

Buna

7.4 (1.2)

6.9 (0.9)

6.7 (0.8)

6.5 (0.1)

6.0 (0.1)

5.6 (0.1)

Note: standard deviations are in parentheses

Fig. 1 Specimens for the comparative method

of the temperatures of the specimens at the end of the
measurement ranged from 22.6 to 28.7 °C.
Specific heat measurement by the mixture method

The specific heat was measured by the mixture method
using sealed specimens to prevent the heat of wetting,
according to the measurement method of Czajkowski
et al. [18]. In this study, a calorimeter (WK-150, Shimadzu Rika corporation) was used for the measurements. This device consists of a copper calorimeter, a
stirrer, and an insulation tank. The specific heat C was
calculated using the following equation from the temperature change of water in the calorimeter after the heated
specimen was placed into the calorimeter:

C=

the specimen was placed in the calorimeter, respectively; Tmax is the maximum temperature of water; w1
(7.315 g), w2 (0.174 g), and w3 (0.019 g) are the water
equivalents of a container of the calorimeter, stirrer, and
thermocouple, respectively. Measurements were carried out using oven-dried pieces. The specimen was
vacuumed and sealed with 0.2 g of a polyolefin film, and
then placed in an oven set at 94 °C. After the specimen
reached a constant temperature, the specimen was placed
in the water in the calorimeter. Tmax was measured from
the temperature change of the water. The average initial
temperature and weight of the water were 24.9 °C and
100.4 g, respectively. The weight of the specimen was
measured before sealing and after the test.

Cw (Mw + w1 + w2 + w3 )(Tmax − Tw ) − Cfilm Mfilm (Ts − Tmax )
,
Ms (Ts − Tmax )

where Cw is the specific heat of water (4186 J/kgK); Cfilm is
the specific heat of an insulation film, which was 2200 J/
kgK as measured by this method; Ts and Tw are the
temperatures of the specimen and water before placing the specimen, respectively. Ms, Mfilm, and Mw are the
weights of the specimen, insulator film, and water before

(5)

Thermal properties measurement by the hot‑disk method

In the measurement by the hot-disk method, a hot-disk
sensor (Fig. 2) was sandwiched between a set of specimens, and the thermal properties of the specimens were
calculated from the temperature change due to the heat
generation of the sensor. This sensor is a double-spiral
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z

x

y

Hot disk
sensor

Fig. 3 Coordinate system of the hot-disk method
Fig. 2 Hot-disk sensor with a diameter of 12.8 mm

nickel alloy wire that is covered with a polyimide insulating film. During the measurement, heat P0 (W) was generated from the sensor by energizing the sensor, and the
increase in temperature of the entire sensor �T (t) was
calculated from the change in the sensor resistance R(t):



R(t) = R0 1 + αresistance �Ti + �T (t) ,
(6)
where t is the time from the start of the measurement, R0
is the initial resistance of the sensor, αresistance is the temperature coefficient of resistivity, and ΔTi is the temperature change inside the insulation film. The temperature
increase �T (t) for the measurement of isotropic materials is expressed by the thermal conductivity of specimen λ as follows:

�T (τ ) =

P0
2π 3/2 r

(7)

D(τ ),

where r (mm) is the diameter of the sensor, and τ is
a dimensionless parameter related to the thermal
diffusivity α (Eq. 8):
√
τ = αt/r.
(8)
D(τ) is a dimensionless function of the thermal diffusivity and shape of the sensor and a monotonous increase
with increasing τ (Eq. 9):

1
D(τ ) =
2
m (m + 1)2

τ
0

relationship between the two was closest to a straight
line, and the thermal conductivity was calculated from
the slope. In the actual measurement, since the measurement theory assumes that the specimen is an infinite
body, the dimensions of the specimen and the heating
time tmax must be set so that the probing depth dp (mm),
which represents the reach of the heat from the sensor, is
less than the distance between the boundary of the specimen and the sensor:
√
dp = αtmax .
(10)
The hot-disk method for anisotropic materials is also
established when the surface in contact with the sensor is
an isotropic surface [7, 9]. In other words, when the sensor is in contact with the x–y plane, this theory is applicable when the thermal properties along x and y directions
are equal (Fig. 3). In this case, the temperature increase of
the sensor �T (τr ) is expressed as follows:

�T (τr ) =

(11)

where λr is the thermal conductivity in the plane of the
sensor, λz is that along the perpendicular direction of the
sensor plane, and τr is a dimensionless parameter related
to the thermal diffusivity in√the plane αr. A comparison
of Eqs. 7 and 11 shows that r z and αr are obtained by



2 2
2
m
m
dσ   −(k +l 2 )/m
kl
4σ
k
le
I0
,
σ2
2m2 σ 2
k=1

P0
D(τr ),
3/2
2π r(r z )1/2

(9)

l=1

where m is the number of concentric circles when the
hot-disk sensor is approximated by a concentric circle
shape and I0 is a modified Bessel function. See the literature [5, 6, 19] for details of D(τ) and how to derive it.
According to Eq. 7, a linear relationship can be established between �T (τ ) and D(τ). Therefore, the thermal diffusivity was numerically determined so that the

the same analysis as that for the theory of isotropic materials. Therefore, if the density ρ and specific heat C of
the material are known, both the thermal properties in
the sensor plane and along the perpendicular direction
can be measured by the single hot-disk measurement
because λr can be calculated from αr using Eq. 2, and λz is
also calculated from λr.

(2021) 67:20

In this study, for each specimen group, the hot-disk
measurements were performed when the sensor was in
contact with the cross section, radial section, and tangential section. Two 50 × 50 × 25 mm plates made from
pieces included in the same specimen group were used.
After selecting the pieces so that the measurement surface was as flat as possible, they were aligned in the same
direction, arranged in a 2 × 2 matrix, and tightly bound
with a rubber band (Fig. 4). To keep the pressure on the
sensor constant, measurements were made by sandwiching the sensor between two plates with the attached
sample holder (Fig. 4) and tightening it with 200 Nm of
torque. Measurements were carried out using a TPS 500S
Thermal Constant Analyzer (Hot-disk AB, Sweden) and
a hot-disk sensor with a diameter of 12.8 mm at ambient
conditions of 25 °C and 30%RH. The heating time was set
to 80 s as a condition to meet the requirement of dp, and
the thermal properties were calculated using the results
from 8 to 80 s after heating. The heating power P0 was set
for each measurement in the range of 15mW to 48mW
so that the temperature increases during the calculation
were approximately 1 K. This condition was determined
according to the recommendation that low-power and
long-time measurements should be performed on materials with low thermal diffusivity [15].

Results
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Fig. 5 Average specific heat by species. Error bars represent the
standard errors of the specific heat

to heat dissipation from the calorimeter to the insulation
tank. On the other hand, since the difference with the
literature value was small, we decided to use 1266 J/kgK
as the specific heat of the oven-dried state in subsequent
analyses. The specific heat of specimen Cu with a moisture content of u (%) was calculated as follows [21]:

Cu =

u/100 × 4186 + 1266
.
1 + u/100

(12)

Specific heat

The average specific heat was almost equal throughout
the species (Fig. 5). Since the average weight increase
before and after the measurement was almost 0.1%, and
the specimen temperature changed from 94 °C to approximately 27 °C, this result is considered to be the specific
heat at almost 60 °C in the oven-dried state, which is the
average temperature. Compared with the specific heat of
the oven-dried (0–106 °C) wood from a previous study
(1356 J/kgK) [20], the obtained average specific heat of
1266 J/kgK is approximately 7% smaller. This may be due

Fig. 4 Setup of the measurement by the hot-disk method. Left:
test specimens for the hot-disk measurement. Right: specimens
sandwiching the hot-disk sensor

Results of measurements by the hot‑disk method
and steady‑state method

The relationships between the density and thermal conductivities measured by the hot-disk method and the
steady-state method are shown in Fig. 6. Both thermal
conductivities increased with the density. As described
by Kollmann [21], the thermal conductivity measured in
the longitudinal direction by the steady-state method (λL)
was higher than that in the other directions, and the thermal conductivity in the radial direction (λR) was slightly
higher than that in the tangential direction (λT). Regardless of the measurement surface, the thermal conductivity obtained by the hot-disk method was intermediate
between the thermal conductivity in the longitudinal
direction and that in the orthogonal direction to the fiber.
Similar to the measurement results in Suleiman [10], the
thermal conductivity in which the measurement surface
was the cross section (λhRT) was higher than that of the
other sections. The thermal conductivity measured by
the hot-disk method when the sensor was in contact with
the radial section (λhLR) was almost equal to that with the
tangential section (λhLT).
The relationship between the density and the thermal diffusivity measured by the hot-disk method and
that between the density and the thermal diffusivity
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Fig. 6 Relationship between thermal conductivity and density.
Note: λL, λR, and λT are the thermal conductivities in the longitudinal,
radial, and tangential directions measured by the steady-state
method, respectively. λhRT, λhLR, and λhLT are the thermal conductivities
measured by the hot-disk method when the sensor was in contact
with the cross section (RT plane), radial section (LR plane), and
tangential section (LT plane), respectively

Fig. 7 Relationship between thermal diffusivity and density. Note: αL,
αR, and αT are the thermal diffusivities in the longitudinal, radial, and
tangential directions calculated from λL, λR, and λT, respectively. αhRT,
αhLR, and αhLT are the thermal conductivities measured by the hot-disk
method when the sensor was in contact with the cross section (RT
plane), radial section (LR plane), and tangential section (LT plane),
respectively

calculated from Eq. 2 using the specific heat Cu and the
thermal conductivities obtained by the steady-state
method are shown in Fig. 7. Both thermal diffusivities
were almost constant with the density, and the thermal
diffusivity of the low-density specimen was slightly larger
than that of the other specimens. These results agreed
with the measurement results reported by Maku [22].
Similar to the measurement results reported by Lagüela
et al. [15], the thermal diffusivities in which the measurement surface was the radial section (αhLR) and the tangential section (αhLT) were higher than those of the cross
section (αhRT). These two thermal diffusivities were intermediate between the thermal diffusivity in the longitudinal direction (αL) and that in the radial direction (αR) or
the tangential direction (αT). αhRT was almost equal to αR
and αT.

change given the ring heat source [24] used to derive the
temperature increase of the hot-disk sensor (Eq. 7) cannot be applied when the coordinates are transformed
about the plane of the sensor, because it makes the sensor
an ellipse. Therefore, it is difficult to derive an exact solution of the hot-disk method for three-directional anisotropic materials by coordinate transformation.
On the other hand, the thermal conductivity measured
by the hot wire method, which is a transient method as
the hot-disk method, was analyzed by coordinate transformation when there was anisotropy in the x-direction
and y-direction, as shown in Fig. 8 [25]. In this study, the
measured thermal conductivity was expressed by the
geometrical average of that in x-direction and y-direction. Considering that the thermal diffusivities obtained
by the hot-disk method were intermediate between those
in the plane, that is, αT < αhLT < αL, αR < αhLR < αL, and αR

Relationship between the thermal properties of wood
measured by the hot‑disk method and steady‑state
method

As presented in Eq. 11, the measurement theory for
a material with anisotropy in two directions has been
established. This theory treats the thermal diffusivity
obtained by the hot-disk method as that in the measurement plane. Generally, the heat conduction equation of
anisotropic materials can be converted into that of isotropic materials by performing coordinate conversion
according to the ratio of thermal conductivities [23].
However, the exact solution of the material temperature

y

x

Hot wire
Fig. 8 Coordinate system of the hot wire method
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≈ αhRT ≈ αT hold, it seems reasonable to some extent to
apply the above-mentioned relationship for the hot-disk
measurement. In addition to this assumption, if it is considered that Eq. 11 holds even when the measurement
surface is anisotropic, the results of the hot-disk method
can be expressed by thermal conductivities and thermal
diffusivities in each direction as follows:


hLR = LR T = (L R )1/2 T ,


hLT = LT R = (L T )1/2 R ,


(13)
hRT = RT L = (R T )1/2 L,
√
αhLR = αL αR ,
√
αhLT = αL αT ,
√
αhRT = αR αT .
The relationships between the thermal properties
obtained by the hot-disk method and those calculated
by Eq. 13 using the thermal properties measured by the
steady-state method are shown in Figs. 9 and 10. The
mean percentage errors (MPEs) were calculated as follows and are presented in Figs. 9 and 10:
n

100%  pcalculated,i − pmeasured,i
MPE =
,
n
pmeasured,i

(14)

i=1

where pmeasured is the measured thermal properties and
pcalculated is the calculated thermal properties. According
to Eq. 14, a positive MPE represents the calculated thermal properties greater than the measured thermal properties. For each measurement surface, linear relationships

Esmated thermal diffusivity (ʹ10-6 m2/s)
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Fig. 10 Relationship between the thermal diffusivity measured by
the hot-disk method and that calculated from Eq. 13. (MPEs are in
parentheses)

were observed in the thermal conductivities. Both the
measured and calculated thermal conductivities were
close to each other, but the thermal conductivity measured by the hot-disk method showed a larger value than
that obtained by the calculation. The average values of
both thermal diffusivities were approximately the same.
On the other hand, the variation was larger than that in
the case of the thermal conductivity. Similar trends were
reported by a previous study [5] in which the deviation of
the thermal conductivity was 3% and that of the thermal
diffusivity was 7% when the ceramic sample was repeatedly measured by the hot-disk method, although the
extent of variation was larger in this study.

Esmated thermal conducvity (W/mK)

Estimation of the thermal properties of wood
from the results of the hot‑disk method
0.3

Assuming that Eq. 13 holds, it is also possible to calculate the thermal properties in each direction from
the measurements of the hot-disk method. In this section, we present two different calculation methods and
attempt to compare the obtained thermal properties.
The first calculation method is the equation for obtaining the thermal conductivity in the out-of-plane direction of the measurement surface using the measured
values of single hot-disk measurements. This equation
can be derived from Eqs. 2 and 13 as follows:

λlhRT
hRT (-9.3%)
λlhLR
hLR (-12%)
λlhLT
hLT (-12%)

0.25
0.2
0.15
0.1
0.05
0

hRT 2 /(αhRT ρCu ) = (R T )1/2 L /(R T )1/2 = L ,
0

0.05

0.1

0.15

0.2

0.25

0.3

Measured thermal conducvity (W/mK)
Fig. 9 Relationship between the thermal conductivity measured by
the hot-disk method and that calculated from Eq. 13. (MPEs are in
parentheses)

hLT 2 /(αhLT ρCu ) = (L T )1/2 R /(L T )1/2 = R ,

hLR 2 /(αhLT ρCu ) = (L R )1/2 T /(L R )1/2 = T .
(15)
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The equation for obtaining the thermal conductivity
in the longitudinal direction is the same method used to
calculate λL from λhRT using Eq. 11.
Another method is to calculate the thermal conductivity in three directions and the specific heat only from the
measurement results of the hot-disk method on the three
surfaces. Because the thermal diffusivity measured by the
hot-disk method varied widely in this study, we examined
the method mainly using λhRT, λhLT, and λhLR (Eq. 16):
3

hRT /hLR hLT = L ,

hLT 3 /hLR hRT = R ,

hLR 3 /hLT hRT = T ,
hLT hLR /hRT αhRT ρ = Cu,αhRT ,
hLR hRT /hLT αhLT ρ = Cu,αhLT ,
hLT hRT /hLR αhLR ρ = Cu,αhLR ,

Estimated thermal conductivity (W/mK)

0.5
0.4
0.3
0.2

0.5
0.4
0.3

λ LL (4.4%)
(4.5%)
λ RR (20%)
λTT (16%)

0.1

(16)

where Cu,αhRT, Cu,αhLT, and Cu,αhLR are the specific heat
calculated using αhRT, αhLT, and αhLR, respectively. The
advantage of this calculation method is that special
equipment, which was employed by Adl-Zarrabi et al.
[14], is not required to measure the specific heat.
The relationships between the thermal conductivity
calculated from Eq. 15 or Eq. 16 and that measured by
the steady-state method are shown in Figs. 11 and 12.
The thermal conductivities obtained from Eq. 15 were
larger than those obtained by the steady-state method
in each direction (Fig. 11). This result is consistent with
a previous study in which the values of λL obtained
from λhRT are larger than the literature values [15]. The
thermal conductivities in the radial and tangential

0

0

0.1

0.2

0.3

0.4

0.5

Measured thermal conductivity (W/mK)

Fig. 12 Relationship between the thermal conductivity measured by
the steady-state method and that calculated from the results of the
hot-disk method using Eq. 16. (MPEs are in parentheses). Note: white
circles represent the results of λL for kiri and sugi

directions calculated from Eq. 16 were approximately
20% larger than those measured by the steady-state
method. On the other hand, when λL calculated from
Eq. 16 was small, it was smaller than that obtained by the
steady-state method, whereas when λL calculated from
Eq. 16 was large, the value was larger than that obtained
by the steady-state method. The MPEs in each direction
shown in Fig. 12 were smaller than the MPEs shown in
Fig. 11, suggesting that this method (Eq. 16) has a smaller
error than Eq. 15. Figure 13 shows the specific heat calculated from Eq. 16 for each species. Because there are
three possible formulas for calculating the specific heat,
the results are shown for each thermal diffusivity used.
Compared with 1405 J/kgK, which is the specific heat of
wood with 5% moisture content obtained from Eq. 12,
the average specific heats obtained by Eq. 16 were slightly
larger than the literature values, excluding the specific
heat of kiri and Cu,αhRT of sugi.

Discussion

0.2

Thermal properties of wood with analysis
and measurement methods of the hot‑disk method

λLL(27%)
(27%)
λRR(33%)
(33%)
λT T(31%)
(31%)

0.1
0

Estimated thermal conductivity (W/mK)
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0

0.1

0.2

0.3

0.4

0.5

Measured thermal conductivity (W/mK)

Fig. 11 Relationship between the thermal conductivity measured
by the steady-state method and that calculated from the single
measurement result of the hot-disk method using Eq. 15. (MPEs are in
parentheses)

In this paper, round-robin tests were performed on the
same specimens to characterize the thermal properties of
wood obtained by the hot-disk method with the steadystate method. The analysis using the hot-disk method for
three-dimensional anisotropic materials (Eq. 11) showed
that relationships between the thermal conductivities
obtained by the hot-disk and steady-state methods were a
linear (Figs. 9, 11 and 12) and the mean values of the thermal diffusivity obtained by those methods were almost
equal for each measurement surface (Fig. 10). Therefore,
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RT
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1800
1600
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1000

Fig. 13 Specific heat calculated from Eq. 16 for each species and
each used thermal conductivity. Bars: standard deviations of specific
heat. Dotted line: the specific heat of wood with 5% moisture content
obtained from Eq. 12 of 1405 J/kgK

the proposed method is valid for analyzing the thermal
properties of wood obtained by the hot-disk method.
In order to establish a method for measuring the thermal properties of wood by the hot-disk method, it is necessary to clarify why the thermal conductivity obtained
by the hot-disk method is greater than that obtained by
the steady-state method, both from the causes of the hotdisk method and from the characteristics of the wood.
According to Eq. 7, greater thermal conductivity in the
hot-disk method means that �T (τ ) is smaller. The heat
used for the temperature rise of the hot-disk sensor and
the heat loss from the electrical lead due to the difference
in temperature between the sensor and the control unit,
which is indicated as factors of measurement error in
ISO standards [9], may be one of the causes of the greater
thermal conductivity obtained by the hot-disk method,
because they lead to a decrease in the amount of heating of the sample and a decrease in �T (τ ) . The increase
in thermal conductivity due to this factor is expected to
be smaller as the density of the wood increases, because
the ratio of the heat capacity of the sensor to the heat
capacity of the material decreases. This relationship differs from the result as shown in Fig. 12 that the difference in thermal conductivity in the longitudinal direction
is small for low-density specimens, so factors other than
the measurement method should be considered to analyze the thermal properties of wood obtained by the hotdisk method. In the following, we discuss the relationship
between the hot-disk and steady-state measurements,
focusing on the characteristics of wood.

Effect of the moisture transfer on the thermal conductivity
of wood measured by the hot‑disk method

The measurements obtained by the hot-disk method
in this study are thought to be affected by the moisture
transfer inside the wood induced by sensor heating. In
this study, we investigated the relationship between the
thermal conductivity of the hot-disk method and the
steady-state method by using three different equations,
Eqs. 13, 15, and 16, and found that the results of the hotdisk method were more than 10% higher than those of the
steady-state method, in most cases. Some studies treated
similar tendency about thermal property. For example,
Skaar [26] showed that when measuring the thermal
conductivity of wood under a steady-state temperature
field, the thermal conductivity of the wood immediately
after the temperature distribution ceases to change; it is
theoretically higher by the amount of the Dufour effect,
which is the heat flow induced by the concentration
gradient [27]. In addition, Maku’s study of thermal diffusivities measured from temperature changes in heated
wood boards, the thermal diffusivity during the moisture
absorption process was much larger than the calculated
value, especially in the fiber direction [22]. Maku attributed this phenomenon to the heat flow associated with
moisture transfer and the change in thermal properties
associated with the change in moisture content caused by
the temperature change [22]. Considering that the hotdisk method measures thermal properties from temperature changes in the initial stage of heating and that the
test specimens used in this study were air-dried wood,
the measurement values obtained in this study might also
be affected by the moisture transfer in the wood.
In thermal property measurements of wood by the
hot-disk method, the possible mechanisms by which
moisture transfer affects the measured values are as follows. Since the equilibrium moisture content (EMC) of
wood decreases with increasing temperature [28], the
EMC of the heated surface decreases immediately after
heating the wood from the hot-disk sensor (Fig. 14a).
Subsequently, water evaporation in the vicinity of the
sensor occurs which causes an increase in the humidity (Fig. 14b) and the water vapor diffuses away from the
heated surface according to the temperature or humidity
gradient (Fig. 14c). In this phenomenon, the factors that
increase the thermal conductivity of the hot-disk method
include evaporative heat on EMC changes (Fig. 14b),
convective heat transfer due to temperature gradients
(Fig. 14c), and heat transfer due to the Dufour effect associated with humidity gradients (Fig. 14d).
Although there are few examples of the measured
effects of this effect on actual wood, we have listed the
Dufour effect, not only because the measurements were
made in a non-stationary temperature field, but also
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Fig. 14 Schematic diagram of the water movement and the heat transfer on the air-dried wood during the hot-disk measurement

because the assumption of this effect makes the result
shown in Fig. 12 explicable by the difference in the diffusion rate of the water vapor, According to Siau’s model
of moisture diffusion in wood [29], since the water vapor
movement through voids is faster than through cell walls,
the diffusion coefficient of water is larger at higher porosity when the direction of movement and moisture content are equal, and larger in the longitudinal direction.
Because a large diffusivity coefficient implies that water
vapor moves easily, a greater diffusivity in wood is likely
to reduce the humidity gradient by sensor heating, and
the heat flow induced by the Dufour effect of wood with
a higher diffusion coefficient is expected to be smaller,
in contrast to the case of convective heat transfer which
may be greater wood with a higher diffusion coefficient.
Based on these considerations, the result that the MPE
of λL is smaller than that of λR and λT in Fig. 12 can be
explained by the fact that the Dufour effect is smaller in
the longitudinal direction because water vapor can move
more easily in the longitudinal direction than in the
radial and tangential directions. The results that did not
show any difference between the two thermal conductivities in the longitudinal direction on the kiri and sugi
specimens (Fig. 12) also can be explained by the highest
diffusion coefficients among the longitudinal, tangential,
and radial diffusion coefficients of the specimens used in
this study.
The relationship between the thermal conductivity
obtained by the hot-disk method and the steady-state
method is thought to be influenced by a various forms
of moisture effects, including the effects of water transfer in the steady-state method [26]. In order to improve

the reliability of the thermal conductivity measurements of wood by the hot-disk method, a more accurate
understanding of the mechanism, including the presence
or absence of the Dufour effect, is needed through further studies, such as analysis of the results of measurements under different conditions of moisture content and
temperature.
Difference in thermal conductivity and thermal diffusivity
of wood measured by the hot‑disk method

The relationship between the thermal diffusivities
obtained by the hot-disk method and the steady-state
method was different from the relationship between their
thermal conductivities. As shown by the MPE in Fig. 10,
the thermal diffusivity obtained by the hot-disk method
was almost equal to that calculated from the result of the
steady-state method on average, while the thermal conductivity obtained by the hot-disk method was larger
than that obtained by the steady-state method. Thus, the
thermal diffusivity obtained by the hot-disk method was
not significantly affected by the moisture transfer. On the
other hand, the relationship between the thermal diffusivities was more varied than that between the thermal
conductivities (Figs. 9 and 10).
The lack of a difference in the thermal diffusivities can
be explained by the change in the measurement sensitivity of the hot-disk method. For the hot-disk measurement, according to the study that established an optimal
time window for the hot-disk method [30], the sensitivity coefficient of the thermal conductivity increases with
the measurement time, and that of the thermal diffusivity shows the maximum value at the beginning of the
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measurement. Considering Maku’s result that the apparent thermal diffusivity when wood with water was heated
initially increased with the heating time (because water
moved from the heated surface into the wood with the
temperature gradient) [22], the increase of thermal properties by water movement is expected to be greater after
an elapsed time than immediately after heating, that is,
when the temperature change is small. Based on these
findings, the thermal conductivity obtained by the hotdisk method may be more affected by the water movement than the thermal diffusivity because the thermal
diffusivity reflects the temperature change immediately
after the start of heating. Therefore, only the thermal
conductivity may become larger than that obtained by
the steady-state method.
The finding that the relationship between the sensitivity coefficient and time in the hot-disk method differs
between the thermal conductivity and thermal diffusivity
[30] may also be the reason for the variation between the
thermal diffusivities. Because the thermal diffusivity may
reflect the initial temperature increase in the hot-disk
measurement, it is considered that the thermal diffusivity
tends to be influenced by the temperature distribution in
the vicinity of the sensor. Therefore, the thermal diffusivity should reflect a subtle difference near the sensor, such
as the difference between earlywood and latewood, the
smoothness of the contact face, and stability in the contact state. In this study, specimens were made by combining small wood pieces, and thus the factors that make it
difficult to maintain contact between the specimens and
the sensor, such as subtle deviations and minute gaps
between small pieces contribute to the measurement
errors. Therefore, in order to utilize the thermal diffusivity obtained by the hot-disk method, it is necessary to pay
attention to the detailed test conditions.
Difference in the specific heats obtained by the hot‑disk
method and the mixing method

The specific heat obtained by Eq. 16 was greater than
that obtained by the mixing method (Fig. 13). Because
the desorption of water may occur near the measurement surface as described above, the slight difference in
the specific heat may be due to the desorption energy of
water. For Cu,αhRT of kiri and sugi, in which the porosity was large, the larger specific heat may have resulted
from the larger ratio of heat transfer via air in the heat
transfer from the sensor to the wood because microscopically the area contacting the sensor and the wood substance might be small. The variation in the specific heat
from Eq. 16 was large, regardless of the tree species. This
is considered to be caused by the large variation in the
thermal diffusivity measured by the hot-disk method. In
order to make this specific heat practical, it is necessary
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to measure the thermal diffusivity using the hot-disk
method with higher accuracy.
The need to consider the feasibility of measuring
the thermal properties of wood by the hot‑disk method

It is important to note that the accuracy of the thermal
properties obtained by the hot-disk method varies greatly
depending on the calculation method. In fact, in this
study, the MPE of the thermal conductivity obtained from
Eq. 15 (Fig. 11) is greater than that obtained from Eq. 16
(Fig. 12). In Eq. 15, the thermal conductivity obtained by
the hot-disk method is squared and divided by the thermal diffusivity. The effect of the Dufour effect was amplified by this calculation because the Dufour effect was
reflected only in the thermal conductivity obtained by the
hot-disk method in this study. This point also needs to be
noted when the thermal property of wood is measured
using the existing hot-disk method for anisotropic materials [7, 9], as in previous studies [13–15].
It should also be noted that the present results obtained
by assuming Eq. 13 may contain errors, in principle,
because Eq. 13 is not an exact solution of the hot-disk
method for anisotropic materials. For example, the validity of Eq. 13 may change depending on the measurement
conditions such as the degree of material anisotropy and
the size of the sensor. In order to clarify these points, it
is necessary to perform further studies through measurements under different conditions such as the radius of the
sensor, the heating time, the anisotropy of the specimens,
and the moisture content of the specimens.
Although there is still much to be clarified for the
establishment of the hot-disk method for the measurement of the thermal properties of wood, the fact that
the thermal conductivity, thermal diffusivity, and specific heat of wood can all be measured in a short time is
an advantage. We hope that future studies will solve the
problems presented in this paper and thus, the hot-disk
method may be considered as a reliable measurement
method for the thermal properties of wood.

Conclusion
In this study, the thermal properties of wood were measured by both the hot-disk method and the steady-state
method for the same specimens consisting of several
small pieces. A comparison between the thermal properties was made based on the assumption that the thermal
conductivity in the contact surface of the hot-disk sensor
is equivalent to the geometric mean of the thermal conductivity in the two main directions on the surface. The
thermal conductivity obtained by the hot-disk method
was larger than that obtained by the steady-state method.
It was found that this difference could be explained
both by the heat loss from the hot-disk sensor and the
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electrical lead and by the transfer of water vapor produced by the heating of the sensor. On the other hand,
the thermal diffusivity of the hot-disk method was close
to that measured by the steady-state method, although
it varied greatly. The difference in tendency between the
thermal conductivity and thermal diffusivity measured
by the hot-disk method may be attributed to the fact that
the effect of the heat loss and the transfer of water vapor
was more pronounced in measurements of the thermal
conductivity than those of the thermal diffusivity, according to the characteristics of the sensitivity coefficient of
the hot-disk method [30].
Based on the previous assumption, we proposed two
methods for calculating the thermal properties from
the measured values by the hot-disk method. The first
method, similar to the existing hot-disk method for anisotropic materials, was proposed to obtain the thermal
conductivity in the out-of-plane direction from the single
measurement result. The thermal conductivity obtained
by this method is approximately 30% higher than that
obtained by the steady-state method. The second method
was proposed to calculate the specific heat and thermal
conductivities in three directions from the results of
the cross section, radial section, and tangential section
measurements. The thermal conductivity obtained by
this method was close to that measured by the steadystate method in the longitudinal direction, and approximately 20% larger in the radial and tangential directions.
Assuming the presence of the Dufour effect, this difference could be explained by the difference in the diffusivity coefficient of bound water.
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