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Abstract

:

The paper focuses on the use of holographic interferometry in the research of thermal modification and its effect on the heat transfer from the wood surface to the surrounding air. In the experiment, spruce wood samples modified at 160 °C, 180 °C, 200 °C, 220 °C and an unmodified control sample were used. A radiant heat source was placed under the sample. The top of the sample represented the boundary where the observed heat transfer occurred. The temperature fields above the sample were visualized by real-time holographic interferometry and the heat transfer coefficient α was calculated from the obtained interferograms. During the heating of the samples, a decrease of the heat transfer coefficient was observed. The heat transfer coefficient of the control unmodified sample decreased from a maximum of α = 22.66 Wm–2K–1 to a minimum of α = 8.6 Wm–2K–1. In comparison with these values, the heat transfer coefficients of the modified samples treated at 160, 180, 200 and 220 °C, respectively, decreased to 99%, 93%, 68% and 51% of the maximal control value at the beginning of experiment and to 95%, 86%, 80% and 64% of the minimal control value by the end of the experiment. Moreover, an analysis of variance was used to determine the significance of the heat treatment effect on the heat transfer coefficient. A high significance (p < 5%) was observed between the control sample and the modified samples treated at 200 °C and 220 °C. Experiments with the use of holographic interferometry produced results consistent with previous studies conducted by different methods.
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1. Introduction


When choosing a building material, several criteria are considered such as its strength, insulation properties, availability, workability, price and appearance. Wood and its composites are good materials for building construction and the creation of structural elements. Another use of wood is in the form of roof cladding where, due to good properties, it has never ceased to be used to a certain extent [1]. It has been used by humans for these and many other purposes since time immemorial. To further improve its properties, thermal modification is used. During modification, the wood is exposed to a high temperature in a controlled environment. Due to heating, permanent chemical changes occur, which lead to a decreased moisture content that results in the reduction of swelling and shrinkage. Biological durability is improved, color darkens, wood becomes lighter, equilibrium moisture content decreases, the pH decreases and thermal insulation properties are improved. On the other hand, the rigidity and strength of wood are affected by this process [2].



With such a treatment, the wood acquires a higher resistance to moisture and biodeterioration, which slows down its degradation and prolongs its life.



The dimensional stability of wood during thermal modification was investigated by Stam and Hansen [3]. Seborg, Millet and Stamm [4] tested the properties of modified staypack wood, shaped under increased temperature and humidity conditions. Kollmann and Scheider [5] focused on the absorption properties of thermally modified wood. Burmester [6] investigated thermal modification as a method to improve the dimensional stability of wood. Giebeler also addressed this issue [7].



Reinprecht and Vidholdová [8] investigated the mechanical properties and mold resistance of thermally modified wood. Boonstra [9] described the changes in wood that occurs during a two-phase thermal modification of wood. Niemz, Hoffmann and Rétfalvi [10] studied structural changes in thermally modified wood. Kol and Keshin [11] compared the thermal conductivity of wooden samples with different degrees of thermal modification. Kol and Sefil [12] researched thermal conductivity of fir and beech wood modified at various temperatures. Korkut [13] studied the effects of heat treatment on the surface characteristics of wild cherry wood. Olarescu [14] researched the thermal conductivity of solid wood panels made from heat treated spruce and lime wood strips. Pásztory [15] led research on the effect of heat treatment duration on the thermal conductivity of spruce and poplar wood. Czajkowski [16] studied the effect of heat treatment on the thermal properties of European beech wood.



Barcík [17] dealt with the influence of the tool and the parameters of abrasive machining on the chip size of thermally modified wood. Kol [18] observed a change in the properties of wood that had been modified at different temperatures. Kubs [19] investigated the effect of the thermal modification of pine wood on the energy consumption of a milling machine. Koleda [20] solved a similar topic with samples from spruce wood and Korčok [21] compared the quality of milled surfaces on samples modified at different temperatures.



Cui and Matsumura [22] observed changes in the color of the surface of thermally modified wood during the weathering process. Kačíková [23] dealt with the change of lignin in wood due to thermal modification. Kminiak [24] investigated the particle size distribution from sawing and milling of thermally modified wood. Hrčková [25] studied effect of thermal modification on the color change of wooden samples.



As is already known, the intensity of heat conduction in wood depends on the anatomic direction in which it is measured (it is highest in a longitudinal direction). A heat transfer study in three anatomic directions of wood (radial, tangential, longitudinal) for four species of wood (beech, oak, spruce, poplar) has been done in detail by Pivarčiová [26,27]. In both cases, the subject of the study was the heat transfer through unmodified wood.



In this research, the temperature fields above heated wood samples modified by the ThermoWood method [1] were observed with the use of holographic interferometry. This technique enables the visualization of temperature fields and the real-time tracking of events at a boundary layer of a wood ambient environment without affecting the process by measuring devices. The main objective was to gain new information about the properties of this material; mainly time dependencies, the continual course of heat transfer and an overall survey of temperature.




2. Materials and Methods


2.1. Sample Preparation


Samples of spruce (picea abies L.) wood were used for the research. A tree was cut in Slovakia at an altitude of 440 m. At the Technical University in Zvolen, lateral radial planks with a longitudinally oriented grain with dimensions of 20 × 100 × 700 mm were sawn from the log and dried to a moisture content of 8%. After drying, samples were heat treated by the ThermoWood method. The heat treatment was set to final temperatures of 160, 180, 200 and 220 °C with a final moisture content of 4–7%. The heat treatment of samples used in this experiment was done as described in detail in a previous study on the properties of thermally modified wood [25].



Heating resulted in a change of the density of the wooden samples. The density decreased with the increasing temperature of the heat treatment. The control sample showed the highest density of 775.8 kg.m−3. The thermally treated samples showed the lowest density at the highest temperature (220 °C), which was a 21.51% decrease in comparison with the untreated control sample [25].



Temperatures and time intervals of the thermal modification are listed in Table 1 and are shown in Figure 1.



After heat treatment, 40 × 40 × 10 mm samples were cut from planks, five for each final temperature. Five control samples were cut from an untreated plank. These samples were used for the measurement of the heat transfer coefficient with the use of holographic interferometry. Samples are shown in Figure 2.




2.2. Holographic Interferometry Device Set-Up


A holographic variant of the Mach–Zehnder interferometer with a configuration as shown in Figure 3 was used. This variant is one of the most used devices for the visualization and measurement of two-dimensional transparent objects. It enables a change of the focus of light beams between finite and infinite distances.



The principle of this variant was described in detail in a previous study [28].



The Vibra program developed at the Technical University in Zvolen was used for the evaluation of obtained interferograms and for the calculation of the heat transfer coefficient.




2.3. Analysis of Holographic Interferograms


The analysis of holographic interferograms has been described in detail in studies of heat transfer through natural wood samples and through foam concrete [28,29,30].



For the evaluation of the interferograms, it is necessary to know the dependence between the state quantities of the object and the distribution of the refractive index in the optical inhomogeneity that occurs during their change.



The dependence of temperature on the state variables of the environment, on the length of the model, on the wavelength of light and on the number of dark fringes between the object and the place of the homogeneous environment can be determined according to [31] as:


T (x, y) = T∞/[1 − 0.805 ∙ (T∞)/(l ∙ p∞) ∙ (s − ½)]



(1)




where T (x, y) is the temperature distribution, T∞ is the air temperature in the reference area, p∞ is the pressure in the given space, s is the interference order and l is the length of the object.




2.4. Calculation of the Heat Transfer Coefficient


The heat transfer coefficient α [Wm–2K–1] represents the amount of heat that transfers from the surface of the body into the fluid. Thus, it is used for the description of phenomena at the interface of a solid with a fixed arrangement of particles and the fluid in which a constant relative movement of the particles is present. In this experiment, the solid object was the wooden sample and the fluid was the ambient air. The value of the heat transfer coefficient depends on the dimensions and shape of the wall, the properties of the fluid and the hydrodynamic conditions in the fluid. In general, the heat transfer coefficient α can be described as a function of parameters [32]:


α = f ∙ (w, ρ, μ, cp, λ, β, g, τ, tw, l1, l2, …)



(2)




where w is the velocity, ρ is the density, μ is the dynamic viscosity, cp is the specific heat, λ is the thermal conductivity, β is the coefficient of thermal expansion, tf is the fluid temperature, tw is the wall temperature, τ is the time and l1, l2 are the characteristic geometric dimensions.



The local value of the heat transfer coefficient can be calculated with use of the equation [29]:


αx = −λv ∙ (ΔT/Δy)x ∙ 1/(Tx − T∞)



(3)




where λ is the coefficient of the thermal conductivity of the ambient air (for dry air at 20 °C, λv = 2524 W∙m−1K−2), (ΔT/Δy)x is the derivation of the temperature at position x, Tx is the body surface temperature at point x and T∞ is the temperature of the ambient air.



As the analysis of interferograms enables the determination of the temperature distribution in the fluid in detail, the method for the calculation of the heat transfer coefficient from the temperature derivatives is a useful tool in interferometric research of the heat transfer.




2.5. Data Selection


The method of holographic interferometry was used in the experiment. This allowed the visualization of the distribution of temperature fields over the heated sample. To be able to obtain useful data, it was necessary for the interferograms to contain at least two interference fringes. This required a sufficient temperature difference between the sample and the ambient air. This condition was met at the 12th–25th minute of sample heating.





3. Results


During the heating of the samples, heat transfer occurred and a thermal boundary layer formed above the samples. Interference fringes formed in this layer. At low temperatures, there were few fringes; their number increased during the experiment. This sequence is shown in Figure 4.



The interference patterns were projected onto a screen and were recorded by a camera at 15 s intervals. A two sample per minute interval was chosen from the obtained images. The temperature profile of the thermal boundary layer above the sample was obtained by the analysis of interferograms using the Vibra program. The program used the implemented Equations (1) for the calculation of the temperature and (3) for the calculation of the heat transfer coefficient. Each interferogram was analyzed at five sections. The resulting coefficient for each interferogram was calculated as a mean of five acquired values.



An example of the evaluation of the temperature profile above the sample is shown in Figure 5.



The dependency of the heat transfer coefficient on the heating time was tested by a linear correlation regression of mean values. The results are summarized in Table 2 and are graphically presented as a scatter plot in Figure 6. For better clarity, calculated regression parameters are shown separately in Table 3.



To determine the influence of different heat treatment on the heat transfer coefficients of samples calculated via holographic interferometry, an analysis of variance (ANOVA) was used. This analysis was conducted for a significance level p = 5%. The results are listed in Table 4. As a part of this analysis, the confidence intervals of the heat transfer coefficient of each sample were calculated. These were calculated for 95% confidence and are shown in Figure 7.




4. Discussion


The change of heat transfer coefficients during the time of the experiment was evaluated first for each sample individually. These changes followed a model of linear regression and the evaluation is summarized in Table 2 and Table 3 and Figure 6.



The differences between the control sample and the sample modified at 160 °C, as can be deducted from Table 2, were in the range of –5%. The differences between the samples treated at 160 °C and 180 °C were in range of 5–9%. Between the samples modified at 180 °C and 200 °C, the difference ranged between 6–25% for 200 °C and 16–17% for 220 °C. According to the results in Table 2, the difference range was smaller at the end of the experiment (α = 8.6 − 5.5 Wm–2K–1) than at the beginning (α = 22.66 − 11.61 Wm–2K–1).



In Figure 6, it is shown that the value of the heat transfer coefficient α for all samples of the thermally modified wood was lower than the value corresponding to the control sample. In the observed range, the change of the heat transfer coefficient during heating could be described by a significant linear regression. As is visible in Figure 6, the α coefficients decreased with heating time. The same could be conducted from the correlation coefficients shown in Table 3. All samples showed r < −0.94. The proximity of this coefficient to the value −1 indicated that the correlation was significant and the fact that this coefficient was negative meant that the correlation was negative; α decreased with time. From the t-test of the regression coefficient with the p-level shown in Table 3, a large significance could be stated for the use of the linear model.



The coefficients of determination R2 from Figure 6 showed that an appropriate model was used. For the sample treated at 160 °C, R2 = 0.99 meant that 99% of values were described by the model with the remaining 1% considered as random influences. For the control and the 180 °C samples, the determination coefficient totaled R2 = 0.94. For 200 °C and 220 °C, the result was R2 = 0.93.



In the second part of the data evaluation, a variation analysis (ANOVA) was used to prove the significance of the thermal modification effect on the heat transfer coefficient of wooden samples. The results of this analysis are summarized in Table 4 and Figure 7.



As shown in Table 4, the control sample and the 160 °C, 180 °C and 220 °C samples passed the test of data distribution normality. According to the Tuckey test results in Table 4, the most significant differences occurred between the untreated control sample and the 200 °C and 220 °C samples with confidence nearing 100%. Between the 200 °C and 220 °C samples, the confidence was 96%. Between the 180 °C and 200 °C samples, a still significant confidence was observed, reaching 95.5%. An influence with a smaller confidence could be claimed for the difference between the untreated sample and the sample treated at 160 °C (90%) and for difference between the 160 °C and 180 °C samples (78%).



This result is visually represented in Figure 7 where distributions of means of heat transfer coefficients are shown as box diagrams of 95% confidence.



Contrary to the hot and cold plate method used by [12,15,16], holographic interferometry was used for the data evaluation. The obtained results led to similar conclusions; thermal modification influenced the heat transfer coefficient. The degree of wood treatment also had an effect. The heat transfer coefficients of samples treated at lower temperatures were generally higher than the heat transfer coefficients of samples modified at higher temperatures.




5. Conclusions


The experiment showed that the thermal modification of wood reduced the intensity of the heat transfer. In comparison with the control sample (natural untreated wood), the thermally modified samples achieved lower final values of heat transfer coefficients in the whole range of measurements. Samples modified at 200 °C and 220 °C showed significant differences compared with both the control samples and the samples modified at 160 °C and 180 °C. The heat transfer coefficient α decreased with an increase in the degree of thermal modification.



The experiment showed that thermal modification has a positive effect on wood when used as a barrier to heat loss. According to the mean values in Table 2, the heat transfer coefficient was on average reduced by 3% for the 160 °C sample, at 180 °C by 9%, at 200 °C by 28% and at 220 °C by 44% when compared with the untreated control sample.



According to Equation (2), when used in outdoor conditions, the heat transfer will be additionally affected by atmospheric conditions such as humidity, air pressure and the presence and intensity of air flow. The heat transfer coefficient depends on the temperature differences at the interface so the change of the seasons and the alternation between days and nights will also influence its value.



The heat transfer coefficient α also decreased with the gradual heating of the samples. A decrease of the heat transfer coefficient during sample heating followed a model of linear regression. At the beginning of the measurement, the control unmodified sample had a heat transfer coefficient α = 22.66 Wm–2K–1, which, by the end of the experiment, decreased to α = 8.6 Wm–2K–1. The decrease was from α = 21.26 to 8.15 Wm–2K–1 for the 160 °C sample, 20.09 to 7.36 for the 180 °C sample, 14.84 to 6.87 for the 200 °C sample and 11.14 to 5.5 for the 220 °C sample. When compared with the untreated sample, the heat transfer coefficients of the modified samples at 160, 180, 200 and 220 °C respectively, decreased to 99%, 93%, 68% and 51% of the maximal control value α = 22.66 Wm–2K–1 at the beginning of the experiment and to 95%, 86%, 80% and 64% of the minimal value of the control sample α = 8.6 Wm–2K–1 by the end of the experiment. This decrease could be due to the higher air temperature in the boundary layer. In the presence of heated air, the temperature difference in the proximity above the sample surface was lower than the temperature difference between the sample surface and the ambient air.



When compared with studies on the thermal conductivity of thermally modified natural fir and beech wood [12] and spruce and poplar wood [15], similar results were obtained. This study, focusing on the heat transfer coefficient, led to the results being dispersed in a larger range than the results of studies on the thermal conductivity of thermally modified wood [12,15]. The differences could occur due to multiple factors such as the type of wood, moisture content or variations in the time intervals of the heat treatment. In further experimentation, more samples should be used for testing. An experiment could also be done where holographic interferometry and the hot and cold plate method would be used for the examination of samples of same origin and treatment.



The holographic interferometry method shows a potential to be an effective tool in the study of heat transfer by the visualization of temperature fields. It could be applied to a variety of materials such as aerated concrete [28] or to test the functionality of heat exchange surfaces [33]. Holographic interferograms with the use of the Fourier–Mellin transformation could find applications in automation processes by enabling the calculations of shift and the rotation of images [34,35].



The novelty of this work is in the application of holographic interferometry for the visualization of thermal fields and for the measurement of the heat transfer through thermally modified wood. This method presents a sufficient tool and useful addition to the field of wood science. Comparative studies of holographic interferometry with methods that are already in use are in preparation, aiming to prove the reliability of this new method.
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Figure 1. Course of the thermal modification of samples used in the experiment [25]. 
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Figure 2. The control sample (a) and the thermally modified samples heated at 160 °C (b), 180 °C (c), 200 °C (d), 220 °C (e). 
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Figure 3. Configuration of a holographic variant of a single-wave Mach–Zehnder interferometer [28]. OL—object line, RL—reference line, D—divider, HB—holographic board, HHB—holder of holographic board, CM—mirror in cardan suspension, O1, O2—object lenses, M1, M2, M3—mirrors, B1, B2—perforated blinds, MO1, MO2—microscopic object lenses, TO—testing object, HTO—holder of the testing object, C—Camera, G—ground glass, OS—system of object lenses. 






Figure 3. Configuration of a holographic variant of a single-wave Mach–Zehnder interferometer [28]. OL—object line, RL—reference line, D—divider, HB—holographic board, HHB—holder of holographic board, CM—mirror in cardan suspension, O1, O2—object lenses, M1, M2, M3—mirrors, B1, B2—perforated blinds, MO1, MO2—microscopic object lenses, TO—testing object, HTO—holder of the testing object, C—Camera, G—ground glass, OS—system of object lenses.
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Figure 4. Sequence of formation of the interference fringes during heating. (a) Sample at the beginning of heating. (b) Formation of the first fringe, 6 min. (c) Beginning of the formation of the second fringe, 13 min. (d) Fully formed second fringe, 15 min. (e) Three visible fringes, 22 min. 
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Figure 5. Evaluation of the temperature profile above the sample (spruce treated at 180 °C, surface temperature 55 °C). (a) Evaluated interferogram where section lines (S1–S5) are shown indicating the position where interferograms were evaluated. (b) Locations of the interference fringes (y0; y1; y2) and the surface of the heated sample (x0) in the S1 section. 
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Figure 6. Dependences of the heat transfer coefficient on the heating time samples. 
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Figure 7. Box plot of 95% confidence intervals of the mean heat transfer coefficient α at tested treatment levels. 
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Table 1. Time intervals of the thermal modification of spruce [25].
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	Final Temperature

(°C)
	I. Phase (h)
	II Phase (h)
	III. Phase (h)
	IV. Phase (h)
	V. Phase (h)
	VI. Phase (h)
	Sum (h)





	160
	1.0
	6.9
	3.0
	3.0
	1.2
	1.8
	16.9



	180
	1.0
	7.5
	4.5
	3.0
	2.0
	1.8
	19.8



	200
	1.0
	6.9
	6.4
	3.0
	2.8
	1.8
	21.9



	220
	1.0
	7.5
	8.2
	3.0
	3.6
	1.8
	25.1
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Table 2. Calculated values of the heat transfer coefficient α. Results are means (standard deviation).
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Final Temperature of Heat Treatment [°C]




	
Heating Time [min]

	
Control

	
160

	
180

	
200

	
220






	
13

	
21.58 (1.32)

	
21.26 (0.92)

	
20.09 (1.54)

	
14.84 (0.79)

	
11.14 (0.67)




	
15

	
19.42 (0.64)

	
19.07 (0.48)

	
17.97 (0.1)

	
13.51 (0.86)

	
10.2 (0.64)




	
17

	
17.25 (1.22)

	
16.89 (0.92)

	
15.85 (0.85)

	
12.18 (0.83)

	
9.26 (0.63)




	
19

	
15.09 (1.28)

	
14.7 (0.36)

	
13.73 (1.13)

	
10.85 (0.87)

	
8.32 (0.81)




	
21

	
12.93 (1.02)

	
12.52 (0.54)

	
11.61 (0.89)

	
9.53 (0.55)

	
7.38 (0.65)




	
23

	
10.76 (0.66)

	
10.34 (0.85)

	
9.48 (0.84)

	
8.2 (0.66)

	
6.44 (0.4)




	
25

	
8.6 (0.54)

	
8.15 (0.78)

	
7.36 (0.42)

	
6.87 (0.55)

	
5.5 (0.49)




	
mean

	
15.63 (0.94)

	
15.25 (0.63)

	
14.26 (0.89)

	
11.19 (0.7)

	
8.56 (0.52)
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Table 3. Results of the linear regression test.
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	Control
	160 °C
	180 °C
	200 °C
	220 °C





	r
	−0.971
	−0.993
	−0.977
	−0.964
	−0.962



	t-test
	−23.374
	−47.441
	−26.624
	−28.477
	−19.377



	p-level
	0.000
	0.000
	0.000
	0.000
	0.000



	Equation
	y = 35.641 − 1.082x
	y = 35.453 − 1.092x
	y = 33.874 − 1.06x
	y = 23.471 − 0.664x
	y = 17.25 − 0.47x
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Table 4. Analysis of variance (ANOVA) between heat transfer coefficients of samples with different treatment results.
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Sample (Mean)

	
Data Normality

p-level

	
Variance Analysis, p

	
Tuckey HSD Unequal Sample Size Significance Test




	
Control

	
160 °C

	
180 °C

	
200 °C

	
220 °C






	
Control (15.63)

	
0.260

	
0.000

	

	
0.996

	
0.104

	
0.000

	
0.000




	
160 °C (15.25)

	
0.128

	
0.996

	

	
0.229

	
0.000

	
0.000




	
180 °C (14.21)

	
0.040

	
0.104

	
0.229

	

	
0.045

	
0.000




	
200 °C (11.19)

	
0.010

	
0.000

	
0.000

	
0.045

	

	
0.040




	
220 °C (0.52)

	
0.237

	
0.000

	
0.000

	
0.000

	
0.040
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