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Thermal Conductivity and Deformation of Taxodium
Hybrid ‘Zhongshanshan’ during Heat Transfer Process
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The thermal conductivity and the deformation of wood from the
Taxodium hybrid ‘Zhongshanshan’ were studied in the process of heat
transfer. The results showed that the average thermal conductivity of this
wood was 0.1257 W/(m-K) under the condition of 12% wood moisture
content and 30 °C heat transfer temperature. When the testing
temperature exceeded 0 °C, the thermal conductivity increased linearly
with both temperature and wood moisture content and was affected by
the moisture content of the wood. During the heat transfer process, the
deformation of features caused repeated swelling and shrinkage in the
longitudinal, radial, and tangential directions. The dimensional change
was greatly affected by the wood’s moisture content and was less
affected by the temperature. These results are of great meaning for the
study of the heat transfer process of Taxodium hybrid ‘Zhongshanshan’
wood. Furthermore, it provides a scientific basis for the heat preservation
effect, drying treatment, and pyrolysis treatment of Taxodium hybrid
‘Zhongshanshan’ wood for use as a building material.
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INTRODUCTION

Taxodium hybrid 'Zhongshanshan' is an excellent tree species and is cultivated by
artificial hybridization at the Institute of Botany, Jiangsu Province and Chinese Academy
of Sciences, Jiangsu, China. The following two species of the genus Taxodium (family:
Cupressaceae), Taxodium mucronatum (salt-alkali tolerant) and Taxodium distichum
(rapid growth and good stem form), were used to conduct interspecific hybridization
experiments and to initiate the breeding of fast-growing, as well as salt and alkali tolerant
varieties (Shi et al. 2016; Hua et al. 2017). In practice, Taxodium hybrid 'Zhongshanshan'
wood is prone to deformation during drying, which increases the difficulty of the drying
process. Therefore, it is necessary to study the heat transfer characteristics of Taxodium
hybrid 'Zhongshanshan' wood in depth to realize its high-efficiency and high-quality in
wood utilization.

Wood is a porous material. Heat transfer in wood is a combination of the heat
transfer that simultaneously occurs in the solids, liquids, and gases that make up the cells
of the wood tissue. Measuring the thermal conductivity is the main method to study the
heat transfer characteristics of materials (Gu et al. 2005). Thermal conductivity is one of
the intrinsic physical parameters of materials; this fact enables the characterization of the
thermal conductivity of materials. Studying the heat transfer characteristics of wood is of
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great significance for heat preservation, drying, pyrolysis, and thermal conversion of
wood components (Saastamoinen et al. 1996).

The thermal conductivity of porous materials can be defined based on the concept
of an effective thermal conductivity (Thunman et al. 2002). Measuring the effective
thermal conductivity of wood experimentally at the macroscopic level is an effective
approach to obtain the heat transfer characteristics. Suleiman et al. (1999) investigated
the influences of temperature, density, porosity, and anisotropy on the thermal
conductivity of birch (Betula pendula). Sahin Kol (2009) studied the influence of wood
moisture content on the thermal conductivity of pinewood (Pinus sylvestris) in the
transverse direction and determined the relationship between thermal conductivity and
dielectric parameters. Dundar et al. (2012) studied the relationship between thermal
conductivity and both the physical and mechanical properties of wood and identified a
significant linear relationship between thermal conductivity and density, bending strength,
elastic modulus, and impact toughness.

The dominant method to measure the thermal conductivity is the steady-state
plate method. When the wood absorbs thermal energy from the environment, the
temperature of wood will increase. This increase in wood temperature will cause an
increase of wood energy, which gives rise to a subsequent increase in the amplitude of
the molecular vibration and the average distance between molecules. Eventually, the
overall dimensions of wood increase, and the linear expansion, area expansion, or
volumetric expansion of the wood is the result (Sasthiryar et al. 2014). For the steady-
state flat test method, a temperature difference is required between both surfaces of wood
specimens. When a temperature gradient exists within the wood, the thermal expansion
will produce inner stress and cause deformation in the wood.

Based on previous studies, in this work a steady-state flat plate thermal
conductivity meter was employed to accurately determine the thermal conductivity of
Taxodium hybrid 'Zhongshanshan' wood. Dimensional changes of wood during the
process of heat transfer were recorded by a strain gauge and static data acquisition meter
to study the occurrence of wood deformation during the heat transfer process. This study
has important significance for the study of the heat transfer process of Taxodium hybrid
'Zhongshanshan' wood and provides a scientific basis for the heat preservation effect,
drying treatment, and pyrolysis treatment of Taxodium hybrid 'Zhongshanshan' wood as a
building material.

EXPERIMENTAL

Materials

Taxodium hybrid ‘Zhongshanshan' wood was obtained from the Garden and
Seedling Experimental Demonstration Base of the Institute of Botany, Jiangsu Province
and Chinese Academy of Sciences (Liuhe District, Nanjing City, Jiangsu Province,
China). The average basic density of the wood was 0.314 g/cm®. Radial and tangential
wood boards having a minimum or defects were selected from air-dried heartwood and
sapwood. According to the specimen requirements of the heat conductivity meter, the
above four types of wood boards were cut into wood specimens with dimensions of 210
mm length, 210 mm width, and 30 mm height. Three specimens were prepared for each
type of wood board, and therefore, a total of 12 specimens were prepared. The wood
specimens were sanded with 240-grit sandpaper for testing. The radial and tangential
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heartwood specimens were respectively marked as HR and HT, while the radial and
tangential wood specimens of sapwood were respectively marked as SR and ST. Subsets
of the SR and ST specimens were soaked in distilled water for 12 and 24 h, respectively,
to increase the moisture content. The treatment conditions of each group of specimens
before thermal conductivity testing are shown in Table 1.

Table 1. Treatment Conditions of Each Group Specimens before Thermal
Conductivity Testing

Specimen Treatment Condition

HR

HT N

SR Air-dried

ST

SR Soaked in distilled water for 12 h

ST Soaked in distilled water for 24 h
Methods

Measurement of wood moisture content

The mass of the specimens (Wn) was recorded before and after the thermal
conductivity measurement. After the thermal conductivity measurement, the specimens
were dried in an oven at 103 °C + 2 °C until constant weights were obtained, and the
oven-dried weights were recorded as Wo. The wood moisture content (M) at each stage of
the drying process was calculated using Eq. 1,

Wn-wo

M (%) =222 x 100 )

where W, represents the wood mass (g) at each stage of drying process and Wy represents
the mass (g) of oven-dried wood.

Measurement of thermal conductivity

The thermal conductivity of wood specimens was measured with an EKO HC-074
200 thermal conductivity measuring instrument (EKO Instruments Co., Ltd., Tokyo,
Japan) and was operated according to the ASTM C518-17 (2017) standard.

Figure 1 shows the mechanism for the thermal conductivity testing. The testing
specimen with thickness d and length D is sandwiched between two plates and heat is
transferred from the lower hot plate to the upper cold plate through the testing specimen.
When the temperatures of both hot and cold plates are steady, a temperature gradient
within the testing specimen is generated due to the temperature differences between the
plates. Thus, the thermal conductivity can be obtained. According to the Fourier heat
conduction equation, the thermal conductivity 4 of the single-layer flat specimen in
thickness direction can be calculated according to Eq. 2,

__ Qd

A= DX(T; — Ty) (2)
where 1 represents the thermal conductivity [W/(m+K)], Q represents the quantity (J) of
heat passing through the area D? from the plate with high temperature to the plate with
low temperature in the testing specimen, d represents the thickness (m) of the testing
specimen, D represents the side length (m) of the testing specimen, T1 represents the
temperature (°C) of the hot plate, and T2 represents the temperature (°C) of the cold plate.
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Fig. 1. Mechanism of thermal conductivity testing

In this experiment, the temperatures of both the cold and hot plates were separated
into five groups as shown in Table 2.

Table 2. Test Temperature Setting

Temperature T1 T2 Testing Temperature Heat Transfer Temperature
Setting (°C) (°C) (°C) (°C)
Test 1 0 -20 -10to O 0
Test 2 20 0 Oto 10 10
Test 3 40 20 10to 30 30
Test 4 60 40 30to 50 50
Test5 80 60 50to 70 70

The testing temperature is the temperature of the testing specimen before the cold
and hot plates of the instrument reached a constant temperature during the testing. The
heat transfer temperature is the temperature of the testing specimen when the cold and hot
plates of the instrument reached a constant temperature during the testing.

Measurement of dimensional changes

The lengths of the specimens in the longitudinal, radial, and tangential directions
before and after thermal conductivity testing were measured by Vernier calipers. The
deformation degree (D) of the specimens in the longitudinal, radial, and tangential
directions at each stage was calculated according to Eqg. 3,

D (%) = 2222 x 100 3)

where Dy represents the length (mm) of the wood specimen at each stage and D,
represents the initial length (mm) of wood specimen.

The specimen group HT was selected for the test and was arranged with the strain
gauge in the longitudinal, radial, and tangential directions. The strain gauge was applied
with a neutral resin glue to prevent the influence of humidity and temperature on the
strain gauge. While measuring the thermal conductivity, the dimensional changes of the
specimens in longitudinal, radial, and tangential directions were recorded at an interval of
30 s by a TDS-530 static data acquisition meter (TML Co., Ltd., Tokyo, Japan).
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RESULTS AND DISCUSSION

Change in Moisture Content of Air-dried Specimens

When the steady-state plate method was used to measure the thermal conductivity,
the instrument required a long time to achieve thermal stability between the cold and hot
plates. During this period, the moisture content of the wood changed. Table 3 shows the
average moisture content of the air-dried testing specimen after thermal conductivity
testing at five different temperature settings.

Table 3. Average Moisture Content of Air-dried Specimens

Testing Temperature (°C) HRMévgka)ge HTM'A&V?;Sge SRMAév?o;:;ge STM%V?(;?)ge
Environmental temperature 28 12.43 12.52 12.61 13.18
-10to O 14.53 14.75 16.42 14.37
O0to 10 13.04 13.38 12.70 13.66
10 to 30 12.74 13.24 12.67 13.19
30 to 50 12.58 13.21 12.64 13.25
50to 70 11.25 12.64 11.92 12.78

Table 3 shows that the moisture content of the air-dried wood specimens
increased as the temperature was decreased from room temperature to -10 °C and then it
was increased to 0 °C. This was because during testing, the temperature of the cold plate
decreased below 0 °C, and the solidification of water vapor in the air impelled the
moisture to penetrate the testing specimen, thus resulting in an increased moisture content
of the testing specimen at low temperatures. During subsequent testing, the wood
moisture content changed slightly when the testing temperature increased from 0 °C to
50 °C while it began to decrease when the testing temperature increased from 50 °C to
70 °C. When the environment temperature rises from 0 °C to 50 °C, temperature causes
water evaporation and moisture content decreases. Water evaporation is related to
ambient temperature. The higher the temperature, the faster the water evaporates. When
the environment temperature rises from 50 °C to 70 °C Water evaporation accelerates,
and the moisture content decreases rapidly.

Thermal Conductivity of Taxodium Hybrid ‘Zhongshanshan’ Wood

Figure 2 shows the change of thermal conductivity of the air-dried specimens. In
general, the thermal conductivity of wood is independent of its source (i.e., heartwood or
sapwood) and is related to its direction (i.e., radial or tangential) (Maclean 1941; Gu et al.
2006). The results obtained in this study largely conform to the above conclusion, except
that when the testing temperature was increased from -10 °C to 10 °C, the thermal
conductivity of the radial heartwood specimens was remarkably lower than that of radial
sapwood specimens. This was attributed to the lower moisture content of radial
heartwood specimens compared with radial sapwood specimens, which is shown in Table
2.
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Fig. 2. Thermal conductivity of Taxodium hybrid ‘Zhongshanshan’ wood

For major wood species, the radial direction shows varying degrees of larger
thermal conductivity compared with the tangential direction. However, in this study, the
thermal conductivity in radial direction was smaller than that of the tangential direction.
The ratio of the radial thermal conductivity to the tangential thermal conductivity
depends on the cell volume of the wood rays and the density of the earlywood and
latewood (Steinhage 1977). Taxodium hybrid 'Zhongshanshan' is a fast-growing species.
Its earlywood tracheid has thin cell walls and large cell cavities, while its latewood
tracheid has thick cell walls and small cell cavities. As a result, the latewood has a
remarkably higher density than the earlywood and the volume ratio of the wood ray is
small. According to a previous study, the radial dimension of the earlywood tracheid is
larger than the tangential dimension (Zhu et al. 2019). Thus, the proportion of heat flow
passing through the gap is higher in the radial direction than in tangential direction. In
addition, the thermal conductivity of the air in the gap is much lower than that of the solid
material of the wood. Therefore, most of the heat transmitted along the tangential
dimension in latewood has low thermal resistance, resulting in a larger tangential thermal
conductivity than the radial thermal conductivity. The ratio of the tangential thermal
conductivity to the radial thermal conductivity of the Taxodium hybrid 'Zhongshanshan'
wood was in the range 1.07 to 1.09.

Effect of Temperature and Wood Moisture Content on Thermal Conductivity

Figure 2 shows the effect of temperature on the thermal conductivity. When the
testing temperature was increased from -10 °C to 10 °C, the thermal conductivity
decreased. Because the temperature of the cold plate was lower than 0 °C, during the
heating process, heat flow was transmitted from the hot plate to the cold plate. Thus, the
ice on the cold plate partially absorbed this heat and melted into water. Consequently, the
conduction heat loss of the testing specimens increased, causing a decrease in the thermal
conductivity with increasing temperature. During the period when the temperature was
increased above 10 °C, the thermal conductivity increased with increasing testing
temperature. This increased temperature intensified the thermal motion of water and air
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molecules in the pores of the wood and enhanced the thermal radiation energy between
the pore walls, thus resulting in increased thermal conductivity.

Table 4. Effect of Moisture Content on Thermal Conductivity

Moisture | Thermal Conductivity Moisture Thermg I.
. . Conductivity
Specimen | Content (W/(m-K)) Specimen | Content
(W/(m-K))
(%) s (%) 5
30°C 30°C
SR1 12.67 0.1333 ST1 13.14 0.1245
SR2 12.67 0.1334 HT3 13.18 0.1246
HR3 12.69 0.1334 HT1 13.24 0.1250
HR1 12.73 0.1337 ST2 13.24 0.1247
HR2 12.79 0.1338 HT2 13.31 0.1253
SR3 52.33 0.2025 ST3 78.17 0.1915

Table 4 shows the relationship between moisture content and thermal conductivity
of the wood. When the heat transfer temperature was 30 °C, the thermal conductivity of
heartwood and sapwood with different initial moisture contents increased with increasing
moisture content. The thermal conductivity of water is approximately 23 times of that of
air (Gu et al. 2007). Wood is a porous material composed of solids and pores. With
increasing moisture content of wood, the air inside the pores is replaced by moisture, thus
resulting in an increase of thermal conductivity.

Table 5. Regression of Temperature and Moisture Content with Thermal
Conductivity

Fitting Formulas R?
Regression of moisture content _ > _
with thermal conductivity y = 0.0026x + 0.1005 R?=0.9552
Regression of temperature with
9 ol con dﬁ’lcﬂvity y = 0.0004x + 0.108 R = 0.9524

Table 5 shows the relationship between the thermal conductivity of wood and
temperature of the test specimens and the wood moisture content. The tested objects were
the specimen group of SR that was immersed in distilled water for 12 h and the specimen
group of ST that was immersed in distilled water for 24 h. When the temperature
remained constant, the thermal conductivity increased linearly with the moisture content
of the wood. The slope of the thermal conductivity with increased temperature was
remarkably lower than the slope of the thermal conductivity with increased moisture
content. This indicated that the moisture content of wood played a key role in its thermal
conductivity. This is consistent with the experimental conclusions of other wood species
(Raznjevic 1995).

Wood Deformation during Heat Transfer

Figure 3 shows the dimensional deformation degree of air-dried Taxodium hybrid
'Zhongshanshan' wood specimens in the longitudinal, radial, and tangential directions at
different heat transfer stages. During the period when the testing temperature was
increased from -10 °C to 30 °C, the deformation caused repeated swelling-shrinkage
cycles in the longitudinal, radial, and tangential directions.
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Fig. 3. Deformation of three directions of Taxodium hybrid ‘Zhongshanshan’ wood at different
heat transfer stages

During the period when the testing temperature was increased from -10 °C to
30 °C, the longitudinal deformation was smallest, and the tangential deformation was
largest (approximately twice that of the radial deformation). When the testing
temperature was lower than 0 °C, the water inside the wood cells formed ice crystals,
which resulted in the swelling of the wood cells. Moreover, the ice on the cold plate
absorbed heat and melted to water, thus causing an increase of the wood moisture content
and an expansion of the overall dimensions of wood samples. As the temperature
increased, the wood shrank because the ice crystals melted and the water in the cell walls
moved to the cell cavity (llic 1995).

Wood deformation at a testing temperature of 10 °C to 70 °C

When the testing temperature ranged from 10 °C to 70 °C, the moisture content of
wood was 11% to 13%, and the deformation of the wood in the longitudinal, radial, and
tangential directions was less than 1%. However, the accuracy of the Vernier caliper is
only 0.02 mm. The deformation was too small, the measurement error of the Vernier
caliper may lead to inaccurate data (Fig. 3). Therefore, in the subsequent experiments, the
wood deformation was recorded using a resistive strain gauge. The results showed that
the maximum deformation of wood was approximately 5000 pe.

Figure 4 shows the deformations of the air-dried specimen group of HT in the
longitudinal, radial, and tangential directions measured by the resistance strain gauge at a
testing temperature of 10 °C to 70 °C. When the testing temperature was 10 °C to 30 °C,
no obvious wood deformation was observed in the longitudinal, radial, and tangential
directions. As the testing temperature was gradually increased from 30 °C to 50 °C, the
wood generated tensile stress in the radial and tangential directions as its dimensions
increased. The tangential deformation was approximately twice that of the radial
deformation. When the testing temperature was between 50 °C and 70 °C, the radial and
tangential dimensions of the wood remained unchanged.
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Fig. 4. Strain gauge data

When the testing temperature ranged from 30 °C to 70 °C, pressure stress was
generated in the longitudinal direction. The Poisson's ratio of wood is larger than that of
other materials, and the wood is an orthotropic material that follows the trend:

URT > uTL > pRL (4)

The thermal expansion of wood in the radial direction was generally smaller than
the tangential direction. It was related to the fact that the restriction of wood rays and the
cell wall thickness was different in radial and tangential direction. Due to the Poisson
effect, tensile stress was generated when the wood swelled in the radial and tangential
directions, and pressure stress was generated when the wood swelled in the longitudinal
direction. The wood continued to shrink in the longitudinal direction, and the dimensional
change caused by this shrinkage was comparable to the dimensional change caused by
the swelling in its radial and tangential directions (Kumpenza et al. 2018).

When the testing temperature continued to increase, the moisture content of the
wood continued to decrease. The longitudinal direction of the wood shrunk further, and
the radial and tangential directions of wood gradually returned to their original
dimensions. Pressure stress began to emerge in the radial and tangential directions and
the whole wood specimen began to shrink.

CONCLUSIONS

1. The thermal conductivity of wood was independent of its source (heartwood or
sapwood) and was related to its direction (radial or tangential). For Taxodium hybrid
'Zhongshanshan' wood, the tangential thermal conductivity was higher than the radial
thermal conductivity. When the moisture content was 12% and the heat transfer
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temperature was 30 °C, Taxodium hybrid 'Zhongshanshan' wood had an average
thermal conductivity of 0.1257 W/(m-K).

2. When the temperature of the Taxodium hybrid 'Zhongshanshan’ wood was higher than
0 °C, the thermal conductivity of wood increased linearly with both the temperature
and the moisture content of wood, and the moisture content played a key role in the
thermal conductivity of the wood.

3. When the testing temperature was increased from -10 °C to 30 °C, the deformation
featured repeated swelling-shrinkage cycles in the longitudinal, radial, and tangential
directions. When the testing temperature ranged from 30 °C to 70 °C, no obvious
deformation was observed.

4. When the testing temperature was 30 °C to 70 °C, the moisture content of the wood
was largely constant. Tensile stress was generated in the radial and tangential
directions as the wood dimensions increased. Due to the Poisson effect, compressive
stress was generated in the longitudinal direction and shrinkage occurred.
Dimensional swelling in the radial and tangential directions was equal to the
dimensional shrinkage in the longitudinal direction.

5. During the heat transfer process, the dimensional change of Taxodium hybrid
'Zhongshanshan' wood was greatly influenced by the moisture content and was less
affected by the heat transfer temperature.
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