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Abstract

In this paper, temperature evolution through tension wood and normal wood in poplar (Populus nigra) under a convective drying 
condition was investigated. Flat-sawn boards with green dimensions 80×40×25 mm were dried at constant dry-bulb temperature of 
60°C and relative humidity (RH) of 50% to a final moisture content of about 8%. They were coated on four surfaces using aluminum foil 
bonded with polyurethane (PU) glue to confine moisture movement along the board thickness. The measurement of board temperature 
was carried out at 2.5, 5, 7.5, 10 and 12.5 mm along the board thickness every 20 minutes by means of 1 mm-thermocouples. The 
pattern of temperature profile was observed to be almost similar for both tension wood and normal wood. However, a slightly steeper 
temperature gradient occurred in the normal wood compared to the tension wood. In both types of woods, the surface temperature rose 
progressively from the initial value to the dry-bulb temperature but the core temperature remained at an almost constant value as the 
wet-bulb temperature even at the end of drying. 
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Introduction

Heat transfer in wood is an important topic in drying 
technology. Wood as a typical orthotropic porous medi-
um with a highly varied anatomical structure has complex 
drying behavior. Drying of wood is a complicated process 
involving simultaneous, coupled heat and mass transfer 
phenomena occurring inside the wood being dried. These 
phenomena are so sophisticated and structure dependent 
(Siau, 1984). Consequently, any irregularities, such as 
reaction wood, which negatively influences xylem water 
transport efficiency, may affect the transport processes 
on wood drying. The knowledge of temperature distribu-
tions within the wood during the drying process and un-
derstanding the fundamental mechanisms are essential for 
drying design, quality control, and energy savings. In ad-
dition, by measuring of temperature profile within wood, 
it is possible to predict the moisture flux rate (Wiberg and 
Moren, 1999). Many authors indicate that the tempera-
ture gradient should be considered as a driving force for 
moisture diffusion in wood in addition to other main driv-
ing forces, such as moisture concentration (Li et al., 2005; 
Pang, 1997; Tarmian et al., 2008). For mentioned reasons, 
temperature evolution in wood during drying has been ex-
tensively investigated (Cai, 2001; Li et al., 2005; Zielonka 
and Gierlik, 1999), and many mathematical models have 
been also developed to predict the wood temperature pro-
file (Dedic et al., 2003; Zielonka and Gierlik, 1999).

The temperature evolution in wood during drying is re-
lated to many factors and the wood structure can influence 

this phenomenon. Keey et al. (2000) reported significant 
difference in temperature profile of sapwood and heart-
wood. Direction dependent of temperature evolution in 
wood on drying is also claimed by many researchers (Li  
an1994; Mouchot et al., 2006; Siau, 1984). A little infor-
mation can be found in literature regarding transport pro-
cesses in reaction woods (Davis et al., 2002; Tarmian and 
Perré, 2009; Tarmian et al., 2009; Williams, 1971). In the 
mentioned studies, the negative impact of reaction wood 
on the drying rate and permeability has been reported. 
Despite a number of studies focused on the temperature 
evolution in normal wood, there is a lack of information 
concerning the temperature evolution behavior of reac-
tion wood. The present study attempts to characterize the 
temperature evolution in the tension wood of poplar (P. 
nigra) as compared with the corresponding normal wood.

Materials and methods

Materials
Tension wood and normal wood of poplar (Popu-

lus nigra) were selected for the study. Tension wood was 
macroscopically recognized by the shiny appearance and a 
specific coloring technique using a chemical reagent called 
Herzberg to precisely sample cut. In addition, the accuracy 
of sampling was proved by the presence of G-layer in the 
tension wood specimens. Flat-sawn boards with green di-
mensions 80×40×25 mm were cut. The samples were then 
wrapped immediately in plastic and stored in a cold room 
at approximately 4-5°C until required.
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MC above FSP showed a constant temperature between 
the initial and dry-bulb temperatures for a period of time. 
In contrast, the compression wood temperature rose pro-
gressively to the dry-bulb temperature without a constant 
temperature (Fig. 2). 

An almost similar rate of temperature evolution was 
observed for tension wood and normal wood (Tab. 1). 
However, a rapid rise in the temperature of both tension 
wood and normal wood was observed at the beginning of 
drying. This is a usual behavior in wood drying; in green 
condition at MC>FSP, the temperature of wood increases 
as heating up progresses until it reaches the wet bulb tem-
perature within a short time. In contrast to the present 
study, Tarmian (2008) observed that compression wood 
had faster temperature evolution than the opposite wood 
during a conventional drying method.

Temperature gradient
The tension wood and normal wood exhibited a simi-

lar temperature gradient along the board thickness (Fig. 
3). However, the temperature gradient between the sur-
face and inner part of boards was slightly sharper in the 
case of normal wood. The core temperature of the boards 
remained at an almost constant value as the wet-bulb tem-
perature for both tension wood and normal wood. This 
is a usual temperature gradient developed during a typical 
convective wood drying process; i.e., the temperature in 
the core is lower than one in the surface layer. However, 
unusual behavior may be occurred even in a conventional 
drying process (Remond et al., 2005; Tarmian, 2008). 
Sometimes, as soon as the drying starts, the core tempera-
ture increases above wet bulb temperature and approaches 
the dry-bulb temperature of the surrounding air. In this 
condition, the core temperature is greater than the surface 
temperature for a period of time and no constant drying 

Drying method 
A conventional drying method at constant dry-bulb 

temperature of 60°C and relative humidity (RH) of 50% 
was applied to dry all specimens in a small laboratory kiln. 
The boards were coated on four surfaces using aluminum 
foil bonded with polyurethane (PU) glue to confine mois-
ture movement along the board thickness. The specimens 
were dried to a final moisture content of about 8% with-
out any equalizing or conditioning treatment.

Temperature evolution
The PU-coated boards with two surfaces left uncoated 

were thermally insulated by 50 mm-thick Styrofoam so that 
the temperature evolved through the board thickness. The 
measurement of board temperature was carried out at 2.5, 
5, 7.5, 10, and 12.5 mm along the board thickness every 20 
minutes during the whole drying process. The temperature 
measurement was carried out using 1mm-thermocouples 
inserted in the holes previously made within the boards. 

Results and discussion

Temperature evolution 
The pattern of temperature evolution was observed 

to be almost identical for poplar tension wood and nor-
mal wood (Fig. 1). The surface temperature of both types 
of woods rose progressively from the initial value to the 
dry-bulb temperature but temperature below the surface 
showed a temperature value between the wet- and dry-bulb 
temperatures for a period of time. A similar temperature 
evolution for a convective drying process was reported by 
Keey et al. (2000) and Keey and Nijdam (2002). In a pre-
vious work on temperature evolution in the compression 
and opposite wood of spruce (P. abies) (Tarmian, 2008), 
the curve of temperature rise within opposite wood at 

Fig. 1. Temperature evolution in poplar tension wood and normal wood during drying
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rate period occurs. This phenomenon may occur during 
drying of impermeable thick boards at the domain of free 
water. This can be explained by the dry shell formation 
near the surface in the capillary regime of drying (Remond 
et al., 2005).

Similar to what was observed here for poplar tension 
wood and normal wood, Tarmian (2008) found an identi-

cal pattern of temperature profile for spruce compression 
wood and normal wood (Fig. 4). The author also observed 
slightly steeper temperature gradient in the normal wood 
and furthermore, it took a slightly shorter time for the 
temperature gradient within the compression wood to be 
almost uniform.

Fig. 2. Temperature evolution in compression and opposite wood of spruce (P. abies) during 
a convective drying process at dry-bulb temperature of 60°C and relative humidity (RH) of 
50% (after Tarmian, 2008)

Fig. 3. The development of temperature gradient in poplar tension wood and normal wood during drying
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Conclusions

Tension wood is an abnormal woody tissue that typi-
cally develops in fast-growing trees on the upper side of 
leaning trees or branches but sometimes in other parts 
of the vertical tree trunk in response to various growth 
stresses. Poplar trees usually suffer from tension wood 
formation. Thus, the present study aimed to characterize 
the heat transfer features of poplar tension wood (a type 
of reaction wood) during a convective air drying process 
in comparison with the corresponding opposite wood. Re-
sults revealed a similar temperature evolution behavior for 
the tension wood and normal wood but slightly steeper 
temperature gradient in the normal wood. The result of 
this study is similar to what was observed for spruce com-
pression and opposite wood by Tarmian (2008). How-
ever, more striking difference occurred in the temperature 
evolution behavior of the compression wood and normal 
wood in Picea abies. Similarly, Tarmian et al. (2009) and 
Tarmian and Perré (2009) reported more substantial dif-
ferences in the drying kinetics and air permeability of the 
spruce compression wood and normal wood. This may 
be due to the lower initial moisture content and greater 
specific gravity of the reaction woods. The temperature 
evolution in wood during a conventional drying is density 
and moisture dependent. The average specific gravity was 
0.46 and 0.52 for poplar normal wood and tension wood, 
respectively. Overall, the presence of reaction wood, espe-
cially compression wood has to be taken into account in 
wood drying modeling.

Fig. 4. The evolution of temperature profile along the flat-sawn board thickness in com-
pression and normal wood of spruce (P. abies) (After Tarmian, 2008)

Tab. 1. The rate of temperature evolution in poplar tension 
wood and normal wood at the early stages of drying

Wood type Time 
(min)

Distance from surface
(mm)

Tension wood

2.5 5 7.5 10 12.5
Temperature evolution rate (°C/s)

20 57 51 39 51 54
40 18 24 24 27 15
60 3 3 -3 6 3
80 0 6 3 0 0

100 3 3 3 3 3
120 0 0 0 0 0
140 0 0 0 0 0
160 0 3 -3 0 3
180 0 0 3 3 0
200 0 0 0 0 3
220 3 0 -3 0 0
240 0 3 3 0 0
260 0 0 0 0 3

Normal wood

20 63 81 63 102 90
40 9 15 12 15 18
60 6 6 6 6 6
80 3 3 -3 3 3

100 0 0 3 3 0
120 0 0 0 0 0
140 0 0 0 0 3
160 3 3 3 0 0
180 0 0 0 3 0
200 0 0 3 0 0
220 3 3 0 0 0
240 0 0 0 0 3
260 0 0 0 0 0
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