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Abstract

:

This paper presents the experimental study results on the effect of heat flux emitted by a standard source on the charring and ignition characteristics of wood construction materials (plywood, chipboard, and oriented strand board) using infrared thermography (IRT) in the narrow spectral ranges of infrared wavelength. The time to ignition (TTI), charring rate and depth were obtained for the samples. In addition, the effect of several fire retardants on the charring rate and depth of the samples and TTI was analyzed. All fire retardants contribute to an increase in TTI, which confirms their main function—fire protection. However, the effect of fire retardants differs noticeably depending on the material. A new experimental technique is suggested, with the infrared imaging of the temperature distribution along the end of a sample under the heat flux effect on its frontal surface. The uniqueness of this approach consists in the registration of the entire process of ignition and combustion of the presented materials, which occurs in real time without contact with high spatial and temporal resolution. Using the infrared camera of the research class, it becomes possible to record the entire process from the occurrence of the temperature exposure region to the deep carbonized crater in the body of the material. The results can serve as additional recommendations in the development of fire hazard testing methods for construction materials and fire retardants.
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1. Introduction


A huge amount of heat is released during the propagation of the ground and crown fires which can cause the firing of wood constructions in the settlements located close to the forest border. It is noteworthy that the frontal fireline intensity may vary by more than 1000-fold from approximately 15 to at least 100,000 kW/m, mostly due to the potential variation in the rate of fire spread [1]. There are several reasons for an increasing number of wildland fires in Russia. The first reason is related to the long forest ranges resulting in an increased risk of fire. The second one consists in an incomplete understanding of the physics of natural processes, in particular the wildfire spread to buildings and constructions. To ensure the required level of fire safety, continuous extensive measures are taken, such as personnel training, the development of fire extinguishing methods and activities, monitoring and forecasting of fires, and the improvement of experimental and educational facilities of research institutions, etc. Despite all the significant efforts conducted to prevent fire hazards, the annual number of fires remains quite high.



Aseeva et al. [2] emphasized that there is much in common between the patterns of initiation and propagation regularity of wildfires and the fires in buildings and constructions made of wood construction materials. The similarity is attributed to an organic nature of the forest fuel and wood materials. The issues related to the effects of forest and mixed fires are discussed in [3,4,5,6]. It was concluded that the losses of convection heat and heat emission during the fire spread in closed premises are retained by walls. Moreover, a certain humidity is maintained in closed premises while in forests, the humidity is determined in accordance with environmental attributes such as precipitation, season, solar radiation, and wind. In addition, oxidizer inflow into closed premises is limited; an opposite situation is observed in forests [7].



Studying the effect of wildfires on the wood constructions by performing the large-scale field experiments is complicated due to low experimental reproducibility and a great dependence of experimental conditions on external factors [8,9,10,11,12]. Generally, the mentioned problems are solved in laboratory conditions, which make it possible, with some assumptions, to partially simulate the conditions of the wildfire effect on the samples made of wood.



In construction engineering, softwood is usually used as a load-bearing structure, and hardwood is used as a finishing material. One of the factors determining the fire behavior of wood is its capacity to ignite and to stimulate fire propagation. Grishin [4] emphasizes the main physico-chemical processes occurring during wood combustion, including heating from a wildfire front due to convection and radiation, drying, pyrolysis, the formation of condensed, gaseous and dispersed pyrolysis products, followed by burning. As a result, a convective column appears above the seat of fire of wood and contains dispersed particles (coke and soot particles) and gaseous products of wood combustion. This fact makes the problem of mathematical physics more complex.



In the literature, there is a great number of experimental studies on the fire behavior of wood and wood-based products, which provide evidence of the influence of various factors on the flammability and fire behavior of wood, such as the species and types of wood, the conditions and time of its use, the moisture content, the fire intensity, etc. A detailed discussion of the problem is presented in [2,9,13,14,15,16,17,18,19,20,21,22,23]. On the basis of the obtained data, it is currently possible to assess the fire resistance of wood constructions. However, in most cases, the thermal analysis and flammability assessment techniques including thermogravimetric (TG) analysis, cone calorimetry and the single burning item test are utilized to study the fire behavior of wood.



With the progress in the chemical industry, the fire retardant agents have been developed that, depending on the class and intensity of fire, partially or completely prevent the ignition of the processed surfaces [24,25,26]. The fire-proof efficiency is determined on the mass losses of material processed with fire retardant under normal study conditions. The sample is exposed to the flame of the gas burner for 40 seconds [27]. These data are indicated in the fire retardant recommendations. There are many analogues in building with their particular technical parameters, consumption, degree of toxicity, as well as price category.



It was noted in [2] that the fire retardant slabs, the fire-resistant materials of roll type, and the superficial and deep impregnation with specific fire retardants, as well as fire retardant coatings, are widely used for fire-protection in buildings and constructions with bearing and enclosing structures made of timber. The most commonly used methods to evaluate the fire retardant performance of wood materials include thermogravimetric analysis, differential thermal analysis (DSC), cone calorimetry, lateral ignition and flame spread test (LIFT), and large scale calorimetry, such as the single burning item (SBI) test [25]. Some results in a study of fire retardant’s effect on a wood flammability are presented in [2,24,25,26,28,29,30]. Aseeva et al. [2] emphasized the limited data in an experimental study of the effect of fire retardant coatings on the fire resistance rating of wood constructions, which confirms the relevance of work in this field.



It is noteworthy that the literature still lacks results on the use of noncontact optical methods of high accuracy grade during the tests on fire resistance of wood constructions and construction materials. In the work [31] on the study of the radiant smoldering ignition of plywood, the optical pyrometer used to determine the temperature on the surface of a test sample exposed to heat fluxes of different intensity does not provide a technical description of the pyrometer, which does not allow one to use these data for comparison. Various thermal analysis and flammability assessment techniques including thermogravimetric analysis, cone calorimetry, and the single burning sample test are used to study the fire behavior of wood. Contact sensors for temperature and heat fluxes, which introduce some error during the measurement, are widely used in most of them.



Infrared thermography (IRT) is a remote method to determine the temperature field based on the recorded radiation in the infrared wavelength range. The use of narrow-band filters in the medium wave IR range seems to be a promising approach to determine the temperature fields in the flame, considering that during the flame combustion of various forest fuels, volatile pyrolysis products and gaseous combustion products make a significant contribution to flame radiation. In particular, the emission spectra of the flame formed during the combustion of forest fuels, as well as the results of radiation studies from the fire front at the wavelengths of 3.6, 4.8, and 4.2 μm, are presented in [32]. The work [33] presents the emission spectra and characteristics of IR measurements for various gases, including water vapor and carbon dioxide heated to 2000 K, which are the main combustion products. Experimental results are presented in [34,35,36] on the determination of the flame radiation properties formed during the combustion of forest fuels. It is noteworthy that these works present the results for the close IR range and the initial part of the middle IR range, where high emission bands of combustion products begin to appear. These results confirm the need for the accurate choice of the spectral interval for solving various problems, such as obtaining a well detailed temperature field in a flame or recording objects that the flame screens. Modern infrared cameras allow one to operate in the wavelength ranges from 2 to 5 μm, where the main high emission bands are. At the same time, it is possible to perform selective recording using narrowband filters.



Currently, the modern methods of IR diagnostics [37,38,39,40,41] are being widely used to study combustion behavior and wildfires. It is noteworthy that in the literature there is still a lack of the results on the use of noncontact methods during the tests of wood constructions and construction materials for fire resistance. In particular, the data obtained by Grishin et al. [9], Vermesi et al. [19] and Loboda et al. [42] present the experience of a noncontact method using for temperature measurement in the laboratory and during field fire tests of building parts and constructions made of wood.



Infrared technology (IRT) has found a wide use in the analysis of the structural properties of structures made of wood material. A method for determining the defects or gaps in wooden structures using IRT is considered in [43,44,45,46]. The authors in [47] used an original approach to assess the density of wood by changing the surface temperature of the preheated wood sample. The study of the wood radiative properties is carried out in [48,49]. The influence of various fire retardants on the fire behavior of softwood and hardwood were experimentally analyzed using the IR diagnostics in [50,51]. Some recommendations were made on the use of thermography during the testing of wood and construction materials for fire behavior and fire protection [52]. However, the available data require additional experiments to be carried out to study the characteristics of fire behavior of various construction materials utilizing the IR diagnostics.



Based on these data, the development of the testing technique of various wood constructions for fire behavior and fire protection using thermography allows one to reduce economic expenditures for such works. At the same time, this will lead to an increase in the efficiency of data generation and resolving power.



This article presents the investigation results concerning the effect of heat flux from a standard source on the charring and ignition characteristics of wood construction materials using the IR diagnostics. A new method of setting the experiment geometry (with a specific arrangement of equipment) with the recording of an IR image of the temperature distribution along the end of the studied sample under the heat flux effect on its frontal surface was proposed. Furthermore, the influence of several fire retardants on the charring rate of the wood samples as well as the ignition delay were analyzed.




2. Materials and Methods


To estimate the charring rate resulting from the heat exposure in laboratory conditions, the laboratory facilities presented in Figure 1 were arranged.



Experimental equipment involves the following devices: a scientific infrared camera JADE J530SB equipped with an optical filter whose operating wavelength is of 2.5–2.7 μm which allows one to record the temperature in the range of 300–800 °C; a video camera Canon HF R88 applied for estimating the ignition delay for considered samples made of wood construction materials; a blackbody 45/100/1100 of the Omsk plant OJSC RPA "Etalon" with a temperature variation range of 100–1100 °C which serves as a blackbody simulating an infrared source, with an emission rate close to unity and the aperture is 45 mm; a heat flux sensor Hukseflux SBG01 with an operating range of 0–100 kW/m2; an oscilloscope Tektronix TDS-1002 applied to measure a energy-dispersive specter occurring when using type K thermocouples; a moisture content analyzer AND MX-50 for controlling the moisture content of the studied samples. The matrix size of the IR camera is 320×240 pixels. The frame rate of IR-shooting is 5 frames per second.



The narrowband optical filter was chosen on the basis of Planck’s law for blackbody density. This can be explained by the fact that the charred layer of wood materials is close in its optical properties to the blackbody. Therefore, the Plank curve (Figure 2) corresponding to a temperature of 1100 °C is plotted in accordance with Equation (1):


    d R ( λ , T )   d λ   =   2 π h  c 2   λ  − 5      e    h c   λ k T     − 1   ,  



(1)




where     d R ( λ , T )   d λ     is the radiation power emitted by a blackbody surface unit in the unit interval of wavelength, h is the Planck constant, k is the Boltzmann constant, c is the speed of light, and T is the absolute temperature of blackbody [48]. Based on Figure 2, it can be concluded that the use of a narrowband filter allows recording the infrared radiation of the highest intensity for the specified temperature of blackbody. Applying the optical filter with an operating spectral band of 2.5–2.7 micron makes it possible to eliminate the impact of the absorbing properties of carbon dioxide emitted during the combustion process (the maximum absorption line for CO2 is generally observed in the 4.3–4.6 micron wavelength band).



Plywood, chipboard, and oriented strand board (OSB) are used as samples of wood construction materials which are popular in building. The main parameters of the samples are presented in Table 1.



The following retardants were employed as a fire-bio retardant treatment for wood: “ZOTEKS Biopirol”, “Fenilaks”, “FUKAM”, which are also used for sawn, planed, and logged construction elements for home, public, industrial, and agricultural purposes. The consumption of the retardants, which ensures group II fire resistance effectiveness according to the technical regulations in [22], is chosen on the basis of manufacturer recommendations. The impregnation of the samples is implemented using retardant applied by brush and dried afterwards. A standard drying mode (40 °C during the day) was used, which provided the indefectible drying of wood without damaging strength characteristics. These conditions are recommended for drying wood for domestic consumption to any humidity level. It should be noted that surface impregnation, regardless of cheapness and manufacturability, is less effective in terms of fire retardant properties than deep impregnation [26]. However, this allows one to process wooden structures directly on construction sites.



Currently, a large number of fire retardant impregnating compositions for wood are created, which can differ from each other with various compositions and the quantitative combination of low molecular organic and inorganic compounds with the properties of fire retardants [25]. In particular, the “Fenilaks” composition contains carbonates, which are very effective as fire retardants in the gas phase. The most common substance on the basis of fire retardant composition is potassium carbonate, which is a compound with high fire retardant efficiency for wood materials [53,54]. It has a relatively high decomposition temperature of 800 °C and serves as a catalyst for the wood dehydration reaction to increase the production of char, water and CO2. However, this material cannot effectively prevent the reaction of wood polymerization, especially at high concentrations, and also causes the release of CO [53]. Thus, potassium carbonate is used in low concentrations only. Unfortunately, manufacturers of fire retardants “FUKAM” and “ZOTEKS Biolpirol” do not declare the composition of the fire retardant in the documentation, which makes it difficult to further study their fire retardant properties.



The experiment was carried out as follows. The studied sample was placed on the stand fixed on a movable carriage with a retainer which was installed on the optical rail (Figure 1). The sample was fixed on the holder using the flexible metal bracket (material is tin plate) in a way to minimize the metal–wood contact area, which in turn made it possible to eliminate the effect of heat sink [55]. The bracket was positioned relatively the sample, thus the distance from the main area of exposure of the blackbody model radiation would be as high as possible. Therefore, fixing the bracket to the back of the substrate was carried out using a screw connection. Furthermore, the carriage with the sample was arranged with a fixed gap opposite to the blackbody. Using the control unit, the temperature of blackbody was preliminarily set to 1100 °C, and the temperature regulation error was specified as 1 °C. The location of the sample and optoelectronic recording equipment with regard to the blackbody was chosen for the purpose of recording the heat flux effect at the end sample (Figure 3).



Heat exposure lasted for 10 min. Three repetitions were performed for each experiment. Additionally, the thermocouple measurements were taken to control the sample surface temperature. Two type K thermocouples with a junction of 200 microns in diameter were installed into the studied sample; one junction was placed on the surface, and another was embedded by 3 mm. The use of thermocouples was reasoned exclusively for the operational monitoring (observation) of temperature during the experiments.



The addition investigation was carried out to determine the blackbody radiation density at different distances from its aperture. The heat flux sensor SBG01 was attached to the movable carriage (Figure 4).



Moving the carriage with the sensor, thereby changing the distance between the blackbody and heat flux sensor, a signal was recorded using an oscilloscope. The obtained data were converted in accordance with the calibration of the manufacturing plant. As a result of measurements, the maximum heat flux density (Figure 5) with a gap of 1 mm was 40.1 kW/m2, and the maximum error between the approximating and experimental curves was 3.5%.



It is well known that the density and thermal properties of wood both have a great influence on the charring rate and ignition delay [2]. The maximum heat flux from the blackbody during the record was 37.5 kW/m2 at the temperature of 1100 °C. The lower limit was determined experimentally. Hence, the working value of the heat flux was in the range of 32–37.5 kW/m2 corresponding to the parameters for estimating the fire behavior of wood materials presented in the literature [13].



Additional experiments were carried out to study the heat flux during the combustion of various types of forest fuels that are common for boreal forests. The heat flux sensor SBG01 was used as a measuring device. The heat flux values are irregular in space and time in the case of exposure to an open flame source on the sample surface. Studies of the heat flux from a model ground fire show an average value of 36.6 kW/m2 (maximum is 51.3 kW/m2, where, in particular, pine needles, cedar needles, and also steppe fuels (fuel bed with a mass of 50 g) are used as a combustible material (Figure 6). Taking these values into account, the authors selected the optimal characteristics of the heat flux for work.



The working value of the heat flux is in the range of 32–37.5 kW/m2, which corresponds to the parameters for assessing the fire behavior of wood materials presented in the literature [56]. The obtained values are included within the range of heat fluxes of 10–50 kW/m2, which are used for fire tests on construction materials, components and structures [56,57,58].



As a result of infrared camera recording, sequences of thermograms were obtained and then processed using the Altair software. To analyze the temperature versus time profile at the end of the sample, the following treatment was carried out. Knowing the size of the infrared camera matrix and the scale factor (a distance from the camera lens to the sample end), the boundaries of the sample were defined on the frame using the resulting thermogram (Figure 7). In order to obtain the temperature table for the considered sample, the temperature values corresponding to each pixel of the matrix were exported. Subsequently, the extra values were removed in accordance with previously obtained data on the sample position on the frame.




3. Results


Figure 8 shows a typical sequence of thermograms of the smoldering front propagation in the case of a chipboard sample. The asymmetry in the temperature distribution at the end face of the sample is caused by the impact of the convective flow of heated gaseous combustion products.



The use of infrared diagnostics made it possible to assess the fire behavior of the studied samples of wood construction materials after heat flux exposure. The experimental data were processed using the Altair software. Knowing the characteristics of camera lens and the distance from lens to sample, the geometrical parameters were obtained. The char depth was determined during the processing of the thermogram obtained in the end of recording. The end of the studied sample in the initial time instant was taken as a reference point. In the vertical direction, the reference point was located in the central axis of the outer part of the blackbody. The charring rate was recorded every 100 s. The frequency of the infrared recording in the experiment was 5 frames per second. The total recording time was 600 s. As the result of the recording, one had a set of 3000 thermograms for analyzing the carbonization depth. The interval of 100 s was chosen based on the fact that there was a noticeable displacement of the carbonization boundary and the formation of a crater during this period. Knowing the variation in the charring depth during the specified time instant, the charring rate was calculated by the formula: νchar = lchar/t. The confidence intervals were calculated at the 95% credible level. The data presented in Table 2 (νchar are the charring rate and dchar is the charring depth).



As a result of the studies performed using the thermocouples and infrared camera, a good agreement was obtained on the maximum temperature on the surface exposed to the heat effect. In particular, for the considered samples without using fire retardant impregnation, the average value of the surface temperature was 650 °C, while using the impregnation it was 820 °C. The surface temperature was controlled specifically, and the data were given for the smoldering mode without the flame. The average value was calculated based on the set of repetitions of similar experiments for all types of samples, which reflects the maximum surface temperature at the sample’s end during the experiment (10 min). The fundamental difference from the existing contact measurements is the direct control of the temperature range whereby active pyrolysis occurs. It was found that after processing material with fire retardant, the temperature range border of the active pyrolysis stage shifted without the appearance of flame combustion, which affected the ignition time and surface temperature. A similar temperature value in the near-surface layer of the sample more than 800 °C is described in [59], as well as the influence of fire retardants used on OSB boards on the fire resistance of entire light timber frame wall assemblies. Additionally, in [60], during the analysis of the TG and DSC curves, the temperature range of 810–930 °C was identified as a separate decomposition stage, whereby the combustion of char itself and its monoxide occurred.



To verify the experimental data obtained, a comparison with those from the paper [2], which summarizes the results on the average charring rate of hardwood and softwood depending on the intensity of external heat flux in the range of 10–40 kW/m2, was carried out. Due to the fact that the composition of the studied samples contains additional binding components (synthetic resins, etc.), the plywood was taken as the material having an almost similar composition with that of the birch mass, and the experimental results were compared with that obtained for other materials. The discrepancy between the results was 30%.



Analyzing the values of the charring rate obtained for the samples of wood materials processed by fire retardant, one can conclude that the “FUKAM” made the greatest contribution to the fire retardant properties in comparison with the sample without fire retardant (a decrease in the rate of carbonization by 18% for plywood and 25% for OSB). For the other fire retardants, there was a characteristic increase in the rate of carbonization by an average of 9% for plywood and 28% for chipboard. The increase in the carbonization rate for OSB was not significant (2%). In addition, the opposite effect was recorded in the effect of fire protection: increasing the charring rate for each type of wood material after its processing. In particular, the "Fenilaks" showed such properties for each material, which is consistent with the results of the work [22], which presents the results of fire tests of pine with the fire retardant composition “KSD-A” in a wide range of heat fluxes 10–50 kW/m2. The fact that the charring rate of the near-surface layer of wood was almost 3.5 times higher than untreated one was experimentally confirmed.



A comprehensive review of experimental and theoretical studies on factors affecting the burning behavior of different types of wood at heat fluxes between 5 and 60 kW/m2 is presented in [15]. An analysis of the charring rate versus incident heat flux for the constant heat flux tests straight in the range of heat flux values of 30–40 kW/m2 shows good agreement with the results of our work in the carbonization rates of the samples, with regard to the difference in the duration of heat exposure and the source itself (cone calorimeter and furnace tests, different radiant heating apparatus).



The time to ignition of the samples after heat exposure (q = 37.5 kW/m2) is presented in Table 3.



It should be emphasized that the surface impregnation provides a layer of fire protection on the surface, which does not exceed 2 mm. As the result of the carried out work, one can conclude that the standard brush impregnation recommended by the producer does not provide the required fire protection (fire protection consumption is 0.3–0.5 kg/m2).



The expected result was obtained after comparing the time to ignition (TTI) values for all samples of wood materials. All fire retardants contribute to an increase in TTI, which confirms their main function—fire protection. However, the effect of fire retardants differs noticeably depending on the material. Satisfactory fire retardant properties for all types of wood materials are shown using “FUKAM” (TTI increase by 87% for plywood, 51% for OSB and 25% for chipboard). “ZOTEKS Biopirol” and “Fenilaks” showed the best fire retardant properties for plywood (“ZOTEKS Biopirol” increased TTI more than two times, “Fenilaks” increased TTI by 65%), in comparison with the same material without fire retardant. However, the contribution for OSB is insignificant (“ZOTEKS Biopirol” increased TTI by 8%, “Fenilaks” increased TTI by 6%). Such differences for the OSB can be caused by the characteristics of the material structure (thin chips and binder material), which do not allow to qualitatively process the surface using a brush. The use of fire retardant can lead to a decrease in the time to ignition [30]. This effect is substantiated by the characteristics of the interaction of pyrolysis products and the fire retardant composition.



The use of the black body model as an emitter leads to the fact that the thermal effect is highly homogeneous, which differs from the standard methods and data available in the literature [15,61]. Currently, the authors are conducting experiments to study the effect of vacuum impregnation of wood on fire hazard indicators. The main advantage of deep impregnation over other processing methods is the penetration depth of the protective compounds. It can be from 5 to 50 mm, depending on the type of wood. Preliminary results show that the use of vacuum impregnation contributed to the high fire resistance of wood over the entire range of heat flux 10–40 kW/m2 from the emitter, which resulted in a decrease in the carbonization depth by more than two times in comparison with the similar material with surface treatment. It was found that the boundary of the temperature range of the active pyrolysis stage shifts without the appearance of flame combustion after using fire protection on the material, which affects the time to ignition.



The results of the experiments show that the presence of fire retardant impregnation on the surface of the material leads to an increase in the time to ignition of the sample, however, it does not eliminate the possibility of flame occurrence on the surface. This may be due to the formation of the char layer on the surface, which prevents the rapid heating of the sample. The analysis of the obtained data reveals that the considered fire retardants, taking into account the impregnation method, have a weak effect on the increase in the sample ignition time, which is confirmed in [61].




4. Conclusions


A new method of setting the experiment geometry (with the specific arrangement of equipment) with the recording of the IR image of the temperature distribution along the end face of the studied sample under the heat flux effect on its frontal surface was proposed. The use of standard blackbody as a heat flux radiator makes it possible for the researcher to operate with a heat source which is characterized by the high uniformity of heat flux density and temperature in the large range of specified temperatures with a temperature regulation error of 1 °C.



The uniqueness of this approach consists in the registration of the entire process of ignition and combustion of the presented materials, which occurs in real time without contact with high spatial and temporal resolution. Using the infrared camera of the research class, it becomes possible to record the entire process regarding from the occurrence of the temperature exposure region to the deep carbonized crater in the body of the material.



The experimental study of the effect of heat flux capacity on the characteristics of ignition and the charring of wood construction materials using noncontact IR diagnostics in the narrow spectral ranges of infrared wavelength was implemented. Time to ignition, charring rate and depth were obtained for the samples. In the carbonization rate, the highest contribution to the fire retardant properties was made by the “FUKAM” in comparison to the sample without fire retardant (decrease in the carbonization rate by 18% for plywood and by 25% for OSB). There is a characteristic increase in the carbonization rate by an average of 9% for plywood and by 28% for chipboard for the rest of fire retardants. Increase in the carbonization rate is not so significant and equals to 2% for OSB. In addition, the opposite effect is recorded in the use of fire protection, such as the charring rate increase for each type of processed wood material.



The assessment of the time to ignition shows that “FUKAM” has the best overall performance (TTI increase by 87% for plywood, 51% for OSB and 25% for chipboard). “ZOTEKS Biopirol” and “Fenilaks” show the best fire retardant properties for plywood (“ZOTEKS Biopirol” increased TTI more than two times, “Fenilaks” increased TTI by 65%), in comparison with the same material without impregnation. However, contribution for OSB is insignificant ("ZOTEKS Biopirol" increased TTI by 8%, “Fenilaks” increased TTI by 6%). Such differences for OSB can be caused by the characteristics of the material structure (thin chips and binder material), which do not allow to process the surface qualitatively using a brush.



The mechanism of fire retardant effect is evident in the change of main phases of wood thermal decomposition as well as in the impact on the structure and properties of a formed coal layer and its oxidizing capacity and heat effect in term of wood structure fire testing. This is extremely important because these characteristics are closely interrelated with the extent of thermal damage, charring, and the intensity of the heat dissipation of wood structures, which ultimately determine their fire danger and fire resistance.



The obtained results can serve as additional recommendations in the development of fire hazard testing methods for construction materials and fire retardants.



The authors are planning to conduct the additional experiments in a wide range of heat flux variation. It is of great importance to broaden the class of fire retardants and to consider various treatment methods, including the deep impregnation of wood using the steam-and-pressure cured method and the coverage with fire retardant intumescent paints and varnishes.
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Figure 1. Installation diagram scheme: 1—Tektronix TDS-1002 oscilloscope (125 × 151 × 324 mm); 2—optical rail (60 × 50 × 1000 mm); 3—carriage with prop (200 × 250 × 18 mm); 4—the wood sample (100 × 100 × 18 ÷ 21 mm) and the heat exposure area applied to it; 5—Canon HF R88 video camera (53 × 58 × 116 mm); 6—blackbody model (200 × 340 × 800 mm); 7—JADE J530SB infrared camera (122 × 153 × 314 mm); 8—personal computer (152 × 430 × 432 mm). 
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Figure 2. The calculated Planck curve corresponding to a temperature of 1100 °C, with a selected working spectral band of 2.5–2.7 micron. 
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Figure 3. The prop with the installed sample: 1—outlet for thermocouples; 2—influence area of the blackbody heat flux (diameter 45 mm); 3—wood sample (100 × 100 × 18 mm); 4—holder (200 × 250 × 18 mm). 
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Figure 4. Measurement of the heat flux from the blackbody: (a)—the experimental setup photograph; (b)—infrared image of the installed heat flux sensor SBG01: 1—output part of the blackbody; 2—measuring tool in Altair software controlling the spacing; 3—JADE J530SB infrared camera. 
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Figure 5. The change in the heat flux depending on the distance between the sensor and the blackbody. 
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Figure 6. Change in the total heat flux during the combustion of some types of forest fuels: (a) pine needles; (b) steppe fuel, (c) cedar needles. 






Figure 6. Change in the total heat flux during the combustion of some types of forest fuels: (a) pine needles; (b) steppe fuel, (c) cedar needles.



[image: Fire 03 00061 g006]







[image: Fire 03 00061 g007 550] 





Figure 7. Infrared image of the chipboard sample: (1–4)—installed measuring tools for determining position of the sample in the frame; 5—test specimen; 6—the blackbody. 
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Figure 8. Thermogram sequence of smoldering front propagation at the end of the chipboard sample. 
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Table 1. Parameters of the samples.
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	Plywood
	Chipboard
	Oriented Strand Board (OSB)





	Type
	broadleaf (birch)
	coniferous
	coniferous



	Type of glue
	urea
	phenolic
	phenolic



	Size, m:
	0.100 × 0.100
	0.100 × 0.100
	0.100 × 0.100



	Thickness, m:
	0.021
	0.018
	0.018



	Density, kg/m3:
	705–725
	700–720
	570–590



	Moisture content, %:
	4.2
	5.7
	4.7



	Thermal conductivity, (Wm−1 K−1)
	0.14
	urea glue
	urea glue
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Table 2. Charring rate and depth of the considered samples of wood construction materials (average of 3 experiments) at a heat flux density of 34.7 kW/m2.
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Material

	
Plywood

	
Chipboard

	
OSB




	
νchar, mm/min

	
dchar, mm

	
νchar, mm/min

	
dchar, mm

	
νchar, mm/min

	
dchar, mm






	
Without fire retardant

	
1.38 ± 0.06

	
13.77 ± 0.60

	
1.11 ± 0.08

	
14.29 ± 2.88

	
1.42 ± 0.13

	
14.19 ± 1.31




	
“ZOTEKS Biolpirol”

	
1.49 ± 0.08

	
14.87 ± 2.09

	
1.37 ± 0.12

	
13.72 ± 4.10

	
1.46 ± 0.18

	
14.61 ± 1.94




	
“Fenilaks”

	
1.52 ± 0.05

	
15.30 ± 5.43

	
1.43 ± 0.15

	
14.10 ± 2.26

	
1.44 ± 0.21

	
14.40 ± 2.07




	
“FUKAM”

	
1.13 ± 0.02

	
11.34 ± 3.43

	
1.47 ± 0.13

	
14.65 ± 1.57

	
1.07 ± 0.19

	
12.47 ± 1.93











[image: Table] 





Table 3. Time to ignition of the samples, fire retardants contribution assessment.
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Material

	
Fire Retardant

	
Time to Ignition (TTI) *, s

	
Contribution **, %






	
Chipboard

	
Without fire retardant

	
24 ± 2.1

	
−




	
“ZOTEKS Biopirol”

	
32 ± 7

	
33




	
“Fenilaks”

	
30 ± 5.5

	
25




	
“FUKAM”

	
30 ± 6.1

	
25




	
Plywood

	
Without fire retardant

	
23 ± 6

	
−




	
“ZOTEKS Biopirol”

	
52 ± 7

	
126




	
“Fenilaks”

	
38 ± 5.38

	
65




	
“FUKAM”

	
43 ± 6.8

	
87




	
OSB

	
Without fire retardant

	
35 ± 4.8

	
−




	
“ZOTEKS Biopirol”

	
38 ± 4.1

	
8




	
“Fenilaks”

	
37 ± 2.1

	
6




	
“FUKAM”

	
53 ± 7.3

	
51








*—averaging was performed on 6 repetitions; **—presented in comparison with the sample without fire retardant.
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