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A Simple Method to Determine the Diffusivity of Green
Wood
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Log temperature appreciably influences veneer quality during the rotary
peeling process. The assessment of the thermal properties of green wood
is complex and typically requires the sawing of small calibrated samples.
This study introduced a simple approach based on an inverse identification
method to determine the global log thermal diffusivity online and without
the time-consuming extraction of wooden samples that is commonly used
to perform diffusivity experiments. This method was applied to green
Douglas fir logs and resulted in an average thermal diffusivity of 0.175 +
0.021 mmZ.s'1. This method was found to be suitable for both heartwood
and sapwood and thus can provide a globally applicable diffusivity
assessment method. This global parameter is essential to optimizing the
soaking time and improving the subsequent veneer production quality. As
log-soaking preprocessing requires an immense input of energy, this time-
optimization strategy will allow sizable cost reduction and ecological
improvement.
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INTRODUCTION

The temperature of logs during the rotary peeling process substantially affects
veneer properties (Hecker 1995; Aydin et al. 2006; Dupleix et al. 2013; Rohumaa et al.
2016), such as mechanical strength, surface roughness (Corder and Atherton 1963;
Frayssinhes et al. 2019), and also knife service life. Most industrial wood peeling
operations rely on an empirical method to adjust the soaking conditions in terms of
temperature and time, and those setting are rarely optimized with the possible huge
variability of the supply (diameters, wood quality...). This study focused on the kinetics of
temperature change inside a log that was soaked at a given target temperature with a given
homogeneous initial temperature, which resulted in the best veneer quality in the shortest
time. The initial log temperature can range from -10 °C to 30 °C at the log storage area,
depending on outside weather circumstances (seasons). Both high moisture content and a
particular homogeneous temperature are necessary for efficient cutting (Thibaut 1988). The
thermal diffusivity of greenwood is a key parameter for estimating the temperature in any
part of the log volume (in particular, at the geometrical center) based on soaking duration.
Thermal diffusivity (a) is defined as the ratio of the considered material conductivity (1)
to its density (p) and its specific heat capacity (C,). The green wood diffusivity is different
from that of the dry wood due to the different moisture content, which modifies the water
proportion inside the material. Therefore, thermal conductivity, density, and global specific
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heat capacity are impacted, but not to a similar extent. The thermal diffusivity is commonly
expressed in m?.st (S.I. units) or in mm2.s*. Several methods have been developed over
the years to determine the wood thermal diffusivity, as for other materials; hereinafter are
listed some of these experimental techniques. The guarded hot plate method (1ISO 8302) is
among the early methods to quantify the thermal conductivity of a material. Sonderegger
et al. (2011) used this method to determine the conductivity and diffusivity of Norway
spruce and European beech from oven-dry to 20% of moisture content. Transient hot strip
(THS) techniques (ASTM D7896-14) can provide values for conductivity (A1) and
diffusivity (a) from the temperature measured locally, by a thermocouple, sandwiched
between two specimens. The flash method (Parker et al. 1961), another transient technique,
can provide diffusivity () values from the temperature change, on the rear face of a sample
exposed to a laser or a lamp, that supplies heat through the front face. A thermocouple, or
an infrared camera, which provides the whole temperature field on the rear face of the
sample, can measure the local temperature changes. The transient plane source techniques
(TPS, ISO 22007-2) used by Dupleix et al. (2012) can provide value for conductivity (1)
and diffusivity (a) by fitting the TPS experimental results with the analytical models
presented by Gustafsson (1991), leading to the conductivity (1) and the diffusivity («)
values. Maku (1954) studied thermal diffusivity in radial and longitudinal directions for a
given moisture content, density, and a temperature range from 0 °C to 100 °C. Thermal
diffusivity was slightly influenced by temperature and it could be regarded as a constant.
Wood is an anisotropic material that exhibits orthotropic radial growth. Furthermore, the
log diffusivity could not be determined from local thermo-physical properties, as wood has
different heterogeneity levels such as sapwood and heartwood content, specific gravity,
moisture content, checks, knots, and annual growth rings. Mechanical and thermal
properties differ depending on the material direction considered. In this study, only the
longitudinal and radial directions were considered, as the present work focuses on a
cylindrically shaped log. The ratio between the longitudinal and the radial thermal
diffusivities was determined on individual logs as the wood entered the soaking boiler. The
diffusivity results were then compared to the literature. The method developed in this study
can be used either in laboratory or online applications and does not require the machining
of small samples. Only a long drill (about 400 mm) and some thermocouples are required.
Thermal diffusivity depends on thermal conductivity, density, and specific heat capacity,
the inverse identification proposed in this study allowed the determination of the thermal
diffusivity from experimental data without those properties previously assessed or taken
form the literature. Only the log geometry, the thermocouple location, and the thermal
gradient were necessary to characterize the global log thermal diffusivity. Therefore, the
other thermo-physical properties of the wood were not investigated.

EXPERIMENTAL

The proposed methods require two steps to characterize the global thermal
diffusivity for Douglas fir green logs. Each method follows the same flowchart provided
in Fig. 1. The first step is the confirmation of the diffusivity ratio (y) on one log, which is
the ratio of the radial diffusivity to the longitudinal diffusivity, to validate the results from
the literature (Maku 1954). Next, the radial diffusivity of 18 logs was measured using the
diffusivity ratio. Only one thermocouple was inserted in the kernel to mimic industrial
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production. The practice of additional holes for thermocouples would have been time-
consuming and resulted in waste of veneers.

Fig. 1. Measurement and model step flowchart

Sampling and Material
Diffusivity ratio identification sample

The thermal diffusivity ratio (y) is the ratio of the thermal diffusivity in the radial
direction (a,) to the thermal diffusivity in the longitudinal direction (e;). The log was
soaked in a laboratory-scale boiler with a regulated temperature (£ 1 °C). To assess the
thermal changes that the log underwent during the 70 °C water-soaking process, the log
temperature at three different radial positions and depths (longitudinally) of each log end
face (Fig.2) was measured using 5-mm diameter stainless steel sheath K-type
thermocouples and an Agilent 34970A acquisition station (Agilent Technologies, Santa
Clara, CA, USA) with an Agilent 34901A acquisition card (Agilent technologies, Santa
Clara, CA, USA). The thermocouples were inserted in holes drilled using an extra-long (5
mm diameter and 400 mm long) drill bit (Dormer Pramet, Elgin, IL, USA). The data
acquisition was set to record the temperature of the six logs and the surrounding water
(another thermocouple was placed in the soaking bath) every minute until the whole log
reached a homogeneous temperature after about 32 h (Fig. 2). To compute the longitudinal
to radial thermal diffusivity ratio, one green Douglas fir log (CFBL, Ussel, France) with a
diameter that ranged from 345 mm to 380 mm and a length of 680 mm was investigated.
The log weighed 53.42 kg before soaking. Measurement with a balance (OHAUS 1-20-W,
Nénikon, Uster, Switzerland) indicated a green specific gravity of approximately
770 kg/m3, which was in accordance with the green specific gravity of 753 kg/m? reported
by Miles and Smith (2009). The log was 45 years old with a mean annual increment of
8.0+ 0.5 mm.

Fig. 2. An instrumented log with three thermocouples on one side and three thermocouples being
inserted on the other face as described in Table 1

Based on the different radial and longitudinal locations of the thermocouples and a
finite element model (FEM), the ratio was evaluated with an inverse identification method.
The chosen thermocouples locations relied on the FEM model presented below, and they
are listed in Table 1. Locations were chosen to maximize the temperature difference
between each thermocouple and improve the accuracy of y ratio determination. Two
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thermocouples (N°2 and N°5) were located opposite to each other to verify that
temperature evolutions were similar on each log side.

Table 1. Thermocouple Locations to Determine the Thermal Diffusivity Ratio ()

Thermocouple N° Depth (mm) Radius (mm)
1 300 0
End face 1 2 155 50
3 100 100
4 100 0
End face 2 5 155 50
6 300 100

Figure 3 presents the temperature Kinetic for each thermocouple. Thermocouples 2
and 5, which were located at a depth of 155 mm and a radial position of 50 mm, exhibited
a similar thermal evolution with a maximum gap of 0.8 °C. The first thermocouple located
in the center had the slowest kinetics, which was expected. Additionally, the temperature
recorded by the fourth thermocouple, which was located at the edge of the log, increased
fastest. For example, after 7 h, the first thermocouple reached approximately 23 °C, and
the third thermocouple reached approximately 51 °C.
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Fig. 3. The temperature evolution recorded by the six thermocouples

Radial diffusivity identification sample

Eighteen Douglas fir logs from five different trees with diameters ranging from 350
mm to 500 mm and lengths of 800 mm were heated at various temperatures from 55 °C to
80 °C in the same boiler. The tree identification numbers, the log numbers, and the log
radii are summarized in Table 2. The diffusivity ratios of these logs were similar to those
measured with the fully monitored log from the previous subsection. This simplification
allowed the use of only one thermocouple for each log to identify both radial and
longitudinal thermal diffusivities. This experimental setup, which involved only one
thermocouple, was chosen due to its suitability for the use by manufacturers to check their
own wood stock and optimize their soaking process times correspondingly. The geometric
center of each log was drilled to insert a K-type thermocouple. The temperature was
acquired each minute using the same data recorder as previously described.
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Table 2. Log Characterization and Diffusivities Found by Both Inverse Methods
(Analytical and FEM)

Log Depth of Tini Tma.x Diffusiyity Error.sr Diffusivity | Error &,

Tree | Log Radius | Measurement Befo.re Soaking | Analytical | Analytical FEM FEM
ID N° (mm) (mm) Soaking | Temp. Method Method Method Method
(°C) (°C) (mmz2.s7) (°C.h’hy | (mm2s?) | (°C.hD)

0 1 210 435 12 70 0.215 0.038 0.222 0.035
0 2 200 435 11 70 0.175 0.028 0.181 0.029
1 2 260 370 13 65 0.179 0.015 0.181 0.014
1 3 245 370 11 65 0.163 0.019 0.164 0.018
1 4 235 370 11 65 0.157 0.015 0.158 0.014
1 5 230 370 11 65 0.16 0.015 0.164 0.015
2 2 255 370 14 65 0.184 0.018 0.186 0.017
2 3 250 370 14 65 0.174 0.016 0.178 0.013
2 4 250 370 13 65 0.189 0.023 0.192 0.022
2 5 240 370 13 65 0.179 0.023 0.183 0.021
2 6 240 370 16 70 0.182 0.046 0.186 0.043
3 2 190 370 19 81 0.187 0.053 0.192 0.047
3 4 175 370 22 67 0.146 0.038 0.15 0.039
3 5 165 370 22 67 0.156 0.034 0.158 0.031
4 1 235 370 20 55 0.146 0.012 0.147 0.014
4 2 225 370 20 55 0.155 0.014 0.156 0.013
4 3 230 370 19 81 0.192 0.056 0.194 0.052
4 4 220 370 21 67 0.155 0.018 0.158 0.019

Methods to Determine the Temperature Evolution Knowing the Thermal
Diffusivity of Wood
First approach: FEM to determine the temperature at any location

A finite element model was developed to determine the temperature evolution in
the log. It was implemented in CAST3M (CEA Saclay 2018, Gif sur Yvette, France). The
log was perfectly cylindrical (Fig. 4), so it was simplified to an axisymmetric geometry
with the axisymmetry axis corresponding to the log pith. A second plane of symmetry,
normal to the log axis, was considered at the middle length of the log. Both symmetries
increased the speed of computation. The model was composed of a four node quadrangle
(QUAA4) with linear interpolation. The entry parameters were water temperature, initial log
temperature, log radius, measuring locations, y ratio, and wood radial diffusivity.
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Fig. 4. (a) The finite element model and position of the measuring points used to determine y;
(b) temperature evolution of the measuring points during soaking at 60 °C
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Second approach: Analytic model to determine the temperature of log pith

The mean temperature of the log center was determined by the heat propagation
equation (Jannot and Moyne 2016) for the radial and longitudinal directions. Equations are
derived from the first thermodynamic law for a perfect cylinder with a radius R initially at
the temperature T;,; instantly immerged inside an infinite volume of fluid at a constant
Tmax temperature (at t=0, the log surface temperature is Ty.x). Accordingly, the
temperature in the radial direction was calculated with Eq. 1,

— 2(Tini—Tmax) N Jo(wn'T) —a, %'t
T(r,t) - Tmax + R Zn:l wnJ1(@nR) e e (1)

where T,,.x IS the water soaking temperature (°C) inside the boiler, T;,; is the initial log
temperature (°C), R is the log radius (mm), J, and J; are the Bessel functions; w,, is the n'"
root of the Bessel equation J, divided by the radius , a, is radial diffusivity (mm?2.s?), r is
the radial position (mm) of the measurement, and t is the time (s). The temperature in the
longitudinal direction was calculated with Eq. 2,

2
4(Tini_Tmax) [o'e) 1 . X _(2 +1)2 T 'al't
T(x,t) = Thax + 1'[ Zn=1 P sin ((271 +1) T) ce L2 (2)

where x the radial position (mm) of the measurement, q; is the longitudinal global thermal
diffusivity (mm?2.s), and L is the log length (mm). Accordingly, the temperature in the log
center is a combination of these two temperatures calculated using the Von Neumann
formulation (Eqg. 3):

[T(x,r,t)_TmaX] _ [T(x,t)_Tmax] % [T(r,t)_Tmax] (3)

Tini—Tmax

Tini—Tmax Tini—Tmax

This analytical method was computed with Python libraries to determine the log
temperature as a function of the water temperature surrounding the log in the boiler, the
initial log temperature, the log radius, the measurement position, and the radial and
longitudinal wood thermal diffusivities.

Thermal Diffusivity Determination by Inverse Identification
The ratio (y) and the radial diffusivity (a) were optimized to minimize the mean of

the root mean square error (RMSE) between the slope (%) of the model and the slope of

the experimental data. This method was chosen to avoid a time shift due to the thermal
transition effect at the beginning of the measurement. The experimental and model curves
did not need to be synchronized in this case, as the error was relative to a differential
temperature and a differential time. The RMSE was calculated by splitting each curve into
nine equal parts from 20% to 80% of the thermal variation (AT = Tp,.x — Tini)- Figure 5
presents two temperature evolution curves, the first of which is the experimental curve.
The second curve is a non-optimized model, which explains the notable gap between the
two curves. Segments in Fig. 5 represent the evolution of the temperature of the eighth part.

The root mean square error of the slopes was calculated using Eq. 4 for the nine
considered parts,

9 2
\/Zi=1(peXp'i ~Pmod,i )
d (4)

sr(a,)() =
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Where peyp i is the slope of the i part of the experimental elevation curve, Pmod,i IS the

slope of the i part of the modeling elevation curve, and &, is the error that must be
minimized for each measured temperature.
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Fig. 5. The optimization method used to find the lowest slope difference

In addition, the mean error &,,.., Was computed, which indicates if the model
underestimates or overestimates the temperature depending on the sign of the mean error;
it was calculated for each thermocouple curve with Eqg. 5:

9 o :
Zl=1(pexp’,91 pmod,l) (5)

To determine y, the mean of the root mean square error (&) was minimized using
Eq. 6,

€mean (a, X) =

6 .
£:(a ) = min (2=250) ©

where &.;is the root mean square error of the j™ thermocouple of the log. These

minimization methods were employed to reach the best agreement between the
experimental data and the model for all of the thermocouples globally.

RESULTS AND DISCUSSION

Ratio and Radial Diffusivity Identification on One Log

To determine the ratio of the longitudinal diffusivity to radial diffusivity, an FEM
model was established with five nodes located in the thermocouple position because T2
and T5 were located in parallel positions on different sides of the log. This model was run
for a diffusivity ratio ranging from 1 to 7 with steps of 0.1 and a radial thermal diffusivity
ranging from 0.1 mm?s? to 0.3 mm?2.s? with steps of 0.003 mm?s™. A total of 2,700
simulations were performed to find the best combination of the radial diffusivity and
diffusivity ratio by minimizing the error (g.). Figure 6 presents an example of temperature

evolution with the results of the optimized FEM model for the experimental data obtained
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during Douglas fir log soaking at 60 °C. A thermal radial diffusivity value equal to 0.208
mm?.s* and a thermal diffusivity ratio of 2.4 were observed. The identified ratio value was
comparable to those in the literature, which ranged from 2 to 2.5 for softwood (MacLean
1940; Kollmann 1951; Maku 1954; Perré and Turner 2001).

@ B0 frmorrrmmmmr o acaeee B e DR TErErrrrr— '
5 T1 T4
B~ 40 f---mmmmmp oo 40 [ s e
g 9
E“’ 20 b---- e ] & = 0.030 20 h-sfo_ & = 0.203
2 0 Emean = —0.007 0 Emean = —0.469
@ 60 frrmrrmrm e 60
3 T2
= :G A0 [P e e e o 40
o< o b ] & = 0.053 o,
13 Emean = —0.033

0 0

60 Fr- A ) 60 F-—---—mm e
< T3
= 40 -4 - oo - 40 - pF s oo oo oo o gj
5O o |l /i & =0248 g = 0.24
£ Emean = 0.671 Emean = 0.546
° 0 0

0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (h) o Time (h)

Fig. 6. The experimental temperature evolutions versus the FEM model

The slope of the temperature kinetic was similar to that of the experimental data,
which illustrated the robustness of the approach, even though it was based upon several
assumptions (homogeneous wood within the volume, cylindrical shape, and constant
thermal diffusivity regardless of temperature). The error (€mean) Was negative for the
thermocouples near the log pith (0 mm and 50 mm from the center), which indicated that
the model for those positions overestimated the temperature. In addition, the positive
Emean Value for the thermocouples at 100 mm from the center indicated an underestimation
of the temperature. Moreover, the difference in moisture content between sapwood and
heartwood in Douglas-fir (Mothe et al. 2000) affects the thermal diffusivity locally and the
accuracy of the global identification.

Radial diffusivity identification on 18 logs

A review of the literature found that only MacLean (1940) gives values of thermal
diffusivity for green Douglas fir with a moisture content ranging from 22.6% to 31.3% in
heated water. This author gives only seven values, which is not enough to highlight
material dispersion. MacLean’s (1940) radial diffusivity data are shown in Fig. 7 for
reference alongside the radial thermal diffusivity data obtained on the 18 logs examined in
this study.

The inverse identification method was used for the 18 green Douglas fir logs with
a fixed ratio () of 2.4 according to the previous calculation. The radial thermal diffusivities
computed with both the FEM and the analytical methods are presented in Table 2. The
radial diffusivity determined by the analytical method exhibited an approximately 10%
higher scattering and a higher error than the radial diffusivity determined by FEM. Figure 8
contains the correlation matrix between the different variables considered in this study,
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including where the logs were extracted from, log radius, initial temperature (Tini), water
temperature (Tmax) during soaking, both radial diffusivities from the analytical and finite
element methods, and their respective errors.

0.22 1 Literature
0.21

Models

0.20

0.19 ’l‘
T

0.18

Radial diffusivity
{(mm2.s-1)

0.17

0.16

L il

Maclean 1940 Analytical FEM

0.15 A

Fig. 7. A comparison of the models results and the values reported by MacLean (1940)
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Fig. 8. Correlation matrix between the different variables

A high correlation coefficient was observed between the errors and the temperature;
this may have been due to the evolution of the thermal diffusivity value within the
temperature. However, the two methods (analytical and FEM) found similar radial thermal
diffusivity values with a correlation coefficient of 1.0, which showed the high accuracy of
both approaches.

Application Example
A typical application for an industrial is to estimate the time to heat a log from an
initial temperature at 20 °C to 50 °C in boiler. In hypothesis, this log has a diameter of
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500 mm and a length of 2700 mm. With such settings, the time to reach 95% of the 50 °C
target is about 50 h for a 2.4 ratio between the radial and longitudinal thermal diffusivities,
and a radial thermal diffusivity of 0.175 mm?2.s™.,

CONCLUSIONS

1. An analytical model and an FEM model were created to identify the temperature
evolution inside the log during soaking prior to processing by rotary peeling. These
models considered the wood radial thermal diffusivity and the diffusivity ratio of
longitudinal to radial diffusivity, which were both homogeneous within the log volume.
In addition, the log geometry was perfectly cylindrical.

2. A soaking monitoring system was developed to measure the temperature inside
Douglas fir logs directly inside the boiler. The experimental temperature evolution
inside the log was compared with the diffusivity model optimized via the inverse
identification method to assess the global radial thermal diffusivity of the log. The
values obtained in this study were comparable to those from the literature for green
Douglas fir wood. A thermal diffusivity ratio of 2.4 and a mean radial diffusivity of
0.171 mm?.s™t were calculated with the analytical method, and a mean radial diffusivity
of 0.175 mm?2.s’* was calculated with the FEM model.

3. This method can be used easily and at a low cost by the peeling industry when peeling
a new species to ensure the best time/temperature ratio for the soaking pretreatment of
the subsequent peeling process.
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