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Abstract

:

In this contribution, the authors continued their initial study on the efficiency of the analysis of experimentally obtained temperature curves, in order to determine some basic parameters that are as simple and reliable as possible, such as “m”, the heat transfer coefficient. After the brief review of the previous results, on which the present article is based, the authors offered a brief argumentation of the importance of dimensional methods, especially the one called modern dimensional analysis, in these theoretical-experimental investigations regarding the propagation of the thermal field of structural elements with solid sections, and especially with tubular-rectangular sections. It could be concluded that modern experimental investigations mostly follow the behavior of models attached to the initial structures, i.e., prototypes, because there are clear advantages in this process of forecasting the behavior of the prototype based on the measurement results obtained on the attached model.
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1. Introduction


It is well known that the structural elements of civil and industrial buildings must be protected against the unwanted action of fires. Thus, with the occurrence of fires, goods and human beings must be provided with sufficiently large time intervals for evacuation, which directly depends on the fire resistance of the structural elements. This, in turn, is decisively influenced by the way in which they were protected (for example with layers of thermoprotective paints, also called intumescent, etc.), and by the way in which the thermal flow introduced by the fire propagates along the respective structural element.



The previous results of the authors’ investigations [1,2,3], as well as those presented below, facilitate the mastery of this heat flow propagation process along the structural elements.



In a previous paper [3], the authors performed, on an original electric stand [1], a series of experimental investigations of great finesse. The elements subjected to the tests were bars made of steel S275JO, EN 10025:2005, having a full circular section, with a diameter of d = 0.02 m and made in different lengths   l = ( 0.050 ;   0.100 ;   0.150 ;   0.200 )   m  .



The bars were electrically heated at one end to achieve nominal temperatures of    t  O , n   = ( 100 ;   400 )     °  C  . The stand also allowed the positioning of the bars with an angle    α g  =  0 °    or     90  °    from the vertical direction during the experiments.



The bars were equipped with a sufficient number of thermo-couples (FPA15P-type, Ahlborn GmbH, Holzkirchen, Germany), fixed in specially made bores of 0.002 m diameter, which ensured the monitoring of the propagation of the thermal field along them.



In fact, this was the focus of the authors’ thorough analysis, i.e., the correlation between    α n  ( z ) ,   m ,   λ ( z )  , as well as its accurate validation. Finally, the authors obtained for each analyzed case one single particular value of “m” along the entire bar.



It should also be emphasized that, based on the curves obtained experimentally under strictly metrological conditions, in [1,2,3], the magnitudes of the constants    (   c 1  ,    c 2  ,   m  )    could be determined, which are essential elements in the analytical description of the propagation law (1).



Also, the authors proposed an easier, and at the same time, more efficient approach to establishing these constants    (   c 1  ,    c 2  ,   m  )    using the curve-fitting method, where approximation curves of at most order III of the real temperature distribution ensured the same precision as the classical approach based on the laborious (and quite difficult) analysis of the theoretical exponential law. It was also possible to highlight the fact that, with the increase in temperature, this precision of the curve-fitting method increases, even surpassing the classic, exponential one.



Another research direction of the work [3] consisted in the desire of the authors to verify if the hypothesis also remains valid in the case of tubular section bars. In this case, they were made of rectangular tubular bars of steel S355J2, EN 10025:2005. More precisely, they were square pipes, of different lengths, provided with sets of FPA15P-type thermo-couples and subjected to thermal regimes similar to those previously mentioned. According to the authors’ knowledge, such investigations, with the aim of verifying the condition of bars having a tubular section, have not been carried out before; at least, we had no knowledge from the specialized literature.



In this way, the authors offered the comparative, effectively measured, thermal distribution laws, with respect to the massive circular (0.016 m in diameter by 0.240 m in length, and 0.020 m in diameter by 0.200 m length), as well as square tubular (0.040 × 0.040 × 0.005 m by 0.400 m in length) cross-sectional straight bars, having    α g  =  0 °    and    α g  =   90  °   , respectively, in angular positioning with respect to the vertical direction, heated at their lower end to nominal temperatures of    t  O , n   = 100     °  C   and    t  O , n   = 400     °  C  .



These comparative diagrams point out for the engineers involved in fire-protection analysis the importance of the length in the thermal calculi and, based on this, the fire-protecting coating thickness value, too.



The authors proposed a generalized curve, by plotting the relative    t ψ    [ % ]   thermal curve, i.e., monitoring the remaining percentage of the nominal    t  O , n     temperature (considered to represent 100%). These relative    t ψ    [ % ]   thermal curves were plotted for the same initial conditions, and based on the obtained results, several useful conclusions were drawn. One can mention that, based on these relative    t ψ    [ % ]   curves, precisely the same temperature fields were restored in every analyzed case.



The authors also found the very important fact, that in the case of the tubular cross-sectional bars, the   m = c o n s t .   hypothesis for the whole length of the bar is not valid. The hypothesis is valid (can be applied) only for the smallest, constitutive intervals of these tubular bars. In conclusion, the experimentally obtained greater gradients of the thermal distribution law for these tubular cross-sectional bars can be described or drawn up using these “m”-values corresponding to the smallest constitutive intervals.



One other proposed parameter was the so-called compared   Δ  t ψ  = 100 −  t ψ    [ % ]   temperature loss (the percentages of the lost temperatures), which offers a clearer image on the temperature-loss phenomenon.



Based on their graphical images, the increase in the lost   Δ  t ψ    [ % ]   for the same reference length of   ℓ   [ m ]   was stated, together with the increase in the bar’s total length; this phenomenon was much greater for the horizontally placed bars (   α g  =   90  °   ), than the vertically positioned one (   α g  =  0 °   ).



This new parameter assures the most accurate evaluation of the bar’s behaviour, having different effective lengths, with respect to the temperature: i.e., its reduction, as well as its propagation along the bars.



Based on the aforementioned strategy, the authors performed thorough analytical calculi of the “m” parameter along these square tubular cross-sectional straight bars for several nominal temperatures:    t  O , n   = 50 ;   100 ;   200 ;   300 ;   400  ; and   500     °  C  .



Using these results, the authors established that an adequate description of the obtained “m”-curves can be obtained by dividing the whole length of the bar into a minimum of three intervals, i.e.:    ℓ I  ∈ [ ( 0 … 0.05 ) ⋅ ℓ ]  ;    ℓ  II   ∈ [ ( 0.05 … 0.10 ) ⋅ ℓ ]  , and    ℓ  III   ∈ [ ( 0.10 … 1.00 ) ⋅ ℓ ]  . These intervals give different gradients and cannot be analyzed together.



The authors, similarly with the    t ψ    [ % ]   curve, proposed a new parameter, i.e., the relative    m ψ    [ % ]   curve, which monitors the remaining percentage of the initial value (for   z = 0  ) of “m” along the bars’ length, considered to represent 100%.



In the same manner, the authors offered a polynomial approach, using a curve-fitting method, both for the global    m ψ    [ % ]   curves, as well as for their segmental parts, corresponding to those three separate (detached) intervals.



From this previous contribution [3], as conclusions on    m ψ    [ % ]  , one can mention the following:




	
The greatest gradient for the    m ψ    [ % ]   is on the first interval    ℓ I   , where the obtained gradient is 100 %, that will decrease to 62.3 %; on the second interval    ℓ  II    , there will be a decrease from 62.3 % to 57 %, as well as on the third interval    ℓ  III    , which will decrease from 57 % to 36.8 %;



	
Taking into consideration that    ℓ  III     represents, in fact, 90 % of the whole bar length  ℓ , the corresponding gradient correlated with its real length is very small;



	
For other    t  O , n     nominal temperatures, the mentioned calculi of    m ψ    [ % ]   can be performed in a similar manner, which can assure, without difficult analytical calculi, that predictable values for the “m” parameter are obtained;



	
In the authors’ opinion, these new practical approaches to the temperature distribution law can be applied successfully in the thermal analysis of 2D and 3D structures, in the first stage on reduced scale models, involving the results of the modern dimensional analysis (MDA) (analyzed briefly in the following), as well as in real-scale structures;



	
The performed analytical calculi offer a useful tool for fire safety engineers to predict both the heat transfer along the steel structural elements and their load bearing capacity.








The study of structural elements subjected to fire took a new direction with the implementation of dimensional methods in these analyses [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41].



Starting from the geometric analogy (GA), continuing with the theory of similitude (TS), along with classical dimensional analysis (CDA), the researchers, specialized in problems of preventing the effects of fire, replaced the experimental study carried out directly on the real elements (called prototypes) [39,40,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65], with that performed on models (usually reduced to scale) [1,2,66,67,68,69].



The experimental results obtained on these models could later be transferred to real structural elements based on the relationships provided by the above-mentioned dimensional methods. Thus, the specialists were able to predict the behavior of the prototype based on the measurements made on the model, which obviously represented experiments carried out in much more advantageous conditions in terms of price, cost, working time, specialized personnel, and the equipment involved.



On the advantages and limits of these methods, the authors of this paper made a detailed synthesis of the works [70,71,72,73,74], of which the most significant can be mentioned:




	
GA works only with a limited number of laws, based on the identification of points, angles and homologous surfaces of the prototype, in accordance with the related model;



	
TS provides an extension of these laws, but can also only be applied to a number of particular cases;



	
CDA, although theoretically it would be the ideal method of approach, presents several other shortcomings, such as:




	o

	
The deduction of the model law (ML) is based on the processing of a limited number of differential equations related to the phenomenon;




	o

	
This processing is unfortunately quite arbitrary, non-unitary, and its efficiency depends to a large extent on the user’s experience, usually consisting of grouping some terms of the equations involved, or identifying adimensional groups from the same constitutive equations, in order to obtain dimensionless expressions;




	o

	
It requires deep knowledge of higher mathematics, but also of the field of the respective phenomenon;




	o

	
Only in particular cases can it provide the complete set of dimensionless variables, based on which the ML is later defined;




	o

	
The method, not being unitary in approach, is not easily applicable to ordinary researchers, remaining accessible only to a narrow segment of established specialists.














As is well known, both TS and CDA operate with a set of dimensionless variables    π j  ,   j = 1 , 2 , … , n  , from which the ML will ultimately result.



Also, the number of dimensionless expressions, which can thus be obtained from a limited number of differential equations related to the phenomenon, will also be limited. This is why CDA cannot provide, except in very particular cases, the full set of the ML through these dimensionless variables.



In order to eliminate these shortcomings, as well as to make dimensional analysis an accessible and effective method for ordinary researchers, Th. Szirtes developed a new approach, which gave rise to the so-called modern dimensional analysis (MDA) [75,76].



Among the indisputable advantages of MDA, the following can be highlighted:




	
The method is unitary, simple and accessible to any researcher;



	
It does not require thorough knowledge in the field, but only that all the parameters are taken into account, which can in a certain way have an influence on the respective phenomenon;



	
The parameters, which have no influence on the phenomenon, are automatically removed from the protocol;



	
The complete set of dimensionless variables is always provided, and consequently also the complete ML;



	
The developed method is very flexible, allowing, based on the ML deduced for the general case, customizations to be made in order to simplify and optimize the model, as well as the related experiments;



	
MDA allows choosing at will the set of variables that define the protocol of experiments on the model, but also the model itself.








MDA was also successfully applied by the authors of this paper, among others, in the analysis of the stressed-strained states of the reticular structures in constructions [77], but also in the detailed study of the thermal field propagation phenomenon [70,71,72,73,78], for those tracking the simulated effect of fires on original stands designed and made by them [2,47,72,78,79].



One might ask, why did the authors use the MDA in these investigations?



The reason was that only the further application of such research to firm and reliable laws such as those provided by MDA can ensure a firm correlation between the behavior of a prototype and its associated model.



Thus, if much simpler, safe and repeatable investigations are desired to be carried out on the associated model and to form a solid basis in predicting the behavior of the prototype, then this safe method, i.e., MDA, must be involved.



Consequently, the authors, in their previous works [70,72,78,79], proposed and performed the validation of the model law deduced not only for the case of the solid circular section bar, but also for the one with tubular-rectangular section, with the implicit and obvious particular case of the tubular-square section.



Based on the ML deduced for the rectangular-tubular section, the authors performed a thorough validation study regarding the thermal regimes of a prototype, which was the column segment of a real pillar in an industrial hall, using models reduced to scales of 1:2; 1:4 and 1:10.



In the following, the major aspects of these experimental investigations, which were the basis for establishing the thermal propagation curves along the tested structural elements, are briefly presented.



As will be seen below, the analysis of these thermal curves through a new lens allowed a much more efficient approach, which is in fact the main purpose of this work.




2. Materials and Methods


In order to carry out these theoretical-experimental investigations, for the first time the authors designed an original electrical stand [2,71,72,79]. This stand, with a high-performance electronic control, ensures precise monitoring and control of the heating of structural elements, made either on a natural scale or on a reduced scale.



The ML, deduced for the case of structural elements with tubular-rectangular sections [73], was validated based on a significant number of experimental measurements, both on the analyzed prototype and on the associated models, made at 1:2, 1:4, and 1:10 scales [2,71,72,80].



According to the works [2,71,72,78], the scheme of these structural elements, as well as the location of the temperature sensors, which were PT100-420 thermoresistors with 150 mm long terminals, having a working temperature between −70 and +500 °C, are shown in Figure 1, Figure 2 and Figure 3, and Table 1. The thermoresistors were fixed to the structural elements with the help of M3 screws in precisely positioned threaded holes.



The geometric similarity is respected in all of them, accepting the same scales of all dimensions of 1:1, 1:2, and 1:4.



The upper closing plate, with the dimensions   (  L a  ×  L b  )  , substitutes the rest of the column, and the lower one, with the dimensions   (  L m  ×  L n  )  , assures a perfect and unitary placement of all the elements tested on the test stand.



The structural element (1) from Figure 2, is placed by translation on the upper area of the truncated pyramid-shaped dome (2); this dome rests on the rigid frame (3) and on the supporting legs (4).



During experimental investigations, the free surface of the laying board with dimensions   (  L m  ×  L n  )  , shown in Figure 1, is covered with a thermal insulation blanket. As an illustration of the degree of thermal insulation, it can be mentioned that at the nominal heating temperature of    t  o , n o m   = 600     °  C   for the tested structural elements, around the support frame (3) and the truncated pyramid (2), the temperature did not exceed   ( 45 … 50 )     °  C  . In section A–A the heating elements (6) are shown, consisting of twelve silite rods, each four connected in series for the three phases of the industrial power supply at 380 V. These silite rods, placed on chamotte bricks (7), rest on a thermal insulation layer (8) of ceramic fiber 0.0254 m thick. A similar insulation (5), provided for the lateral sidewalls of the truncated pyramid (2), assures an efficient thermal insulation of the test bench (see Table 2).



A thermo-couple was always placed at the coordinate level   z  ( 0 )   , which also ensured the implicit control of the nominal temperature    t  O , n o m      [    °  C  ]   .



The important fact should be mentioned that, at the time of carrying out the tests on the first three elements, i.e., on the prototype and the models made at the scales of 1:2 and 1:4, the results of the theoretical-experimental investigations carried out on the first tubular structural elements, synthesized, were not yet known in our previous article [3].



As mentioned in Section 1, these investigations, reproduced in the work [3], demonstrated the fact that, in the case of tubular sections, the hypothesis   m = c o n s t .   is valid only on constitutive areas of the length of the bar, which is why the respective bar must be divided into at least three subintervals, for which, subsequently, this assumption will be respected individually.



The tests on the last model reduced to the scale of 1:10 were carried out after the completion of the theoretical-experimental investigations presented in the authors’ previous work [3], which is why it was already possible here to take into account this important conclusion regarding the validity of the hypothesis   m = c o n s t .   on subintervals.



Figure 3 shows the mounting on the aforementioned testing bench of the thin tubular-rectangular tested specimen (frame column), manufactured at 1:10 scale [71,72,78,79].



The dimensions of this reduced scale model are   0.030 × 0.030 × 0.0015   m  , and its height is   0.5   m  . This model presents on its lower end a steel cylindrical part with diameter   d = 0.105   m   and height   h = 0.015   m  , by means of an intermediate   0.080 × 0.080 × 0.003   m   steel plate (Figure 4).



The significant thermal inertia of this cylindrical part assures the corresponding heat transfer from the testing bench to the reduced-scale tubular model.



A 0.025 m thick heat-insulation open cylinder, with 0.45 m diameter and 0.65 m height, disposed around the tested element, eliminates the undesirable influence of an accidental current of air from the lab. The radius of this heat-insulation cylinder is comparable, at the reduced scale of 1:10, with the half-distance between the columns.



The thermal protection of the elements subjected to the tests was carried out with the help of solvent-based intumescent paint (Interchar 404, from International Marine and Protective Coatings), applied with a thickness of 1.2 mm.



The thermal regimes imposed on the first three elements, i.e., of the prototype and the models reduced to the 1:2 and 1:4 scale, were at the nominal temperatures    t  0 , n o m   = ( 100 ,   200 ,   300 ,   400 ,   450 ,   500 )     °  C  , and the nominal temperatures for the element made at the 1:10 scale, were    t  0 , n o m   = ( 100 ,   200 ,   300 ,   400 ,   450 ,   500 ,   600 )     °  C  .



The protocol of these heatings, i.e., their evolution over time, for both thermally unprotected and thermally protected elements, according to the paper [71], is shown in Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12. Here, for the thermoresistors located at different heights, their indications were specified, i.e., the temperatures stabilized at their level, corresponding to the imposed nominal temperatures    t  0 , n o m      [    °  C  ]   .



It can be seen that, at the end of each heating step, there is a temperature stabilization level; the monitoring of the temperatures along the elements subjected to the tests was carried out only after the completion of the respective stabilization cycle.




3. Results


In Figure 13, Figure 14, Figure 15, Figure 16, Figure 17 and Figure 18, the results of monitoring the thermal field with the help of thermoresistors mounted on these structural elements are provided (see [71]).



In Figure 19 and Figure 20 it can be seen that the thermoresistor, located at a distance of   z = 0.015   m  , presented a deficiency in operation, which is why its last recording could not be taken into consideration during the subsequent processing of the data.



It should also be mentioned that the last structural element, made at a scale of 1:10, actually represented the model attached to the entire pillar.



Starting from this fact, and taking into account the results obtained and presented in the work [2], we proceeded to divide the curves related to this model reduced to a scale of 1:10 into three intervals, according to those in Section 1, i.e.,    ℓ I  ∈ [ ( 0 … 0.05 ) ⋅ ℓ ] =  [  0 … 0.03  ]    m  ;    ℓ  II   ∈ [ ( 0.05 … 0.10 ) ⋅ ℓ ] =  [  0.03 … 0.06  ]    m  , and    ℓ  III   ∈ [ ( 0.10 … 1.00 ) ⋅ ℓ ] =  [  0.06 … 0.50  ]    m  .



Later, based on this subdivision, the respective curves obtained through experimental measurements could be approximated each time with minimum degree polynomial functions; these results are analyzed in Section 4.



Figure 21a–c show these new intervals related to the curves in Figure 19, and in Figure 22a–c, those corresponding to the curves in Figure 20.



At first glance, the curves in Figure 21c and Figure 22c would show strong gradients of temperature variation, but if one carefully follows the z(m) scale, one notices that, in fact, these lengths are much larger than at the first two sets of diagrams (Figure 21a,b and Figure 22a,b); consequently, these last intervals actually show very smooth changes in temperatures on the portion The faulty behavior of the above-mentioned thermoresistor can also be seen on Figure 22a; here, in fact, the processing of the initial curve from Figure 20 was carried out.




4. Discussion


In the previous paper [3], the classical, exponential, and the polynomial approach to temperature variation curves, curves obtained based on rigorous measurements, was presented.



New parameters were proposed, namely: the relative thermal curve    t ψ     [ % ]    as well as the compared temperature loss   Δ  t ψ  = 100 −  t ψ     [ % ]    (the percentages of the lost temperatures). Also, also in the work [2] a more effective methodology for establishing the “m” parameter was proposed, but also the proposal of a new parameter, i.e., the relative curve    m ψ     [ % ]   .



These results, as mentioned before, also facilitate the calculation of the heat transfer coefficient    α n   , which, as is well known, is a major objective of these analyses.



The authors performed high-accuracy metrological measurements of the involved heat/temperature sensors’ accuracy, namely, of the PT 100-type thermoresistors. In Figure 23 the original testing device of these thermoresistors’ accuracy is shown. From the literature, it is a well-known fact that the thermo-couples have, in practice, high-accuracy sensors, up to class 0.1. Because the involved PT 100 thermoresistors present a lower accuracy, the authors first performed a comparative analysis of them with such a calibrated thermo-couple.



A steel disc, with a 105 mm diameter and a height of 15 mm, manufactured from the same quality steel as the associated elements in the described experiments from the present contribution, was designed with a central hole with a 2 mm diameter (destined for the thermo-couple fixing) and with three other M3 screws disposed symmetrically for the PT 100 thermoresistors. By applying the same thermo-charging (heating them up to the same temperatures as the involved sensors in the described experiments), their own calibration curves were drawn up with respect to the thermo-couple’s indication, as well as a probable (global) calibration curve, i.e., with their mean values. Consequently, by this preliminary calibration, the thermal deviation of the involved PTs was stated with respect to the real indicated values (by means of a high-accuracy thermo-couple). All collected data during the experiments mentioned in the paper were corrected, taking into consideration the obtained thermal deviation.



One other supplementary approach to the measurements’ uncertainty consisted in performing a metrological evaluation for each channel of the involved data acquisition chain, starting from the thermoresistor, a LABJACK 9 acquisition device, up to the laptop.



In this way, different high-accuracy (class 0.1) electrical resistors substituted each PT in order to obtain for the whole thermal interval (up to 600 °C) the corresponding electrical signals for all involved channels. Based on these indications a second re-calibration of the collected electrical signals from each PT became possible.



One can conclude that this re-calibration was performed the first time by the above-mentioned comparative measurements of the calibrated thermo-couple vs. three PT 100 thermoresistors, and afterwards, based on these electrical resistors’ indications.



In the authors’ opinion, the obtained data can be considered acceptable from the point of view of metrological accuracy, as well as uncertainty.



To obtain a more comprehensive (more general) approach, the authors propose introducing a percentage length    L ψ     [ % ]    instead of the effective length   z  ( m )   ; this new length considers the value of 100% of the size of the quota    z  max    . With the help of this new parameter, Figure 24 shows the curves related to the nominal temperature    t  0 , n o m   = 400     °  C   for the first three unpainted structural elements (not thermally protected), i.e., the prototype, and the models reduced to the scales of 1:2 and 1:4; these curves are extracted from Figure 13, Figure 15, Figure 17 respectively, and analyzed with the percentage length    L ψ     [ % ]   .



Similarly, in Figure 25 the related curves of the same structural elements are shown, but thermally protected, i.e., painted; these resulted by extracting data from from Figure 14, Figure 16, Figure 18 respectively, and analyzed with the help of    L ψ     [ % ]   .



One can notice a very similar allure of the curves rendered within the same figure, although their sizes and volumes were very different. In the same figures, the approximation polynomial curves are also mentioned, of the order IV at most, but with a very good correlation factor    R 2   .



A similar approach in the case of the pillar reduced to a scale of 1:10 led to obtaining the curves in Figure 26, according to Figure 19, and its more precise analysis of the subintervals, corresponding to the nominal temperatures of    t  0 , n o m   = 400   °C and    t  0 , n o m   = 500   °C, shown in Figure 27, Figure 28 and Figure 29. It can be noted that the change in the degree of the approximation polynomial functions with the analyzed subinterval depends on the gradient of the initial temperature curves.



If on the first subinterval, related to    ℓ I   , the gradient is too strong, then one can use an additional division of it into two other units in order not to excessively increase the degree of the approximation polynomial, but also to keep a better correlation factor as    R 2   .



A similar analysis for the painted 1:10 scale pillar is shown in Figure 30, according to Figure 20, and its more precise analysis of the subintervals, corresponding to the same nominal temperatures of    t  0 , n o m   = 400     °  C   and    t  0 , n o m   = 500     °  C  , is shown in Figure 31, Figure 32 and Figure 33.



If we switch to the use of dimensionless curves    T ψ  −  L ψ   , then it will be possible to highlight the net advantage of this new approach, because curves with very similar, practically identical slopes will be obtained, which will allow the form of templates or nomograms intended for preliminary calculations to be used in in further research. The explanation could also consist in the fact that differences of the order of a few tens of degrees will not lead to significant deviations of these curves (since we are talking about percentages of temperatures in the order of hundreds of degrees), even if their nominal temperatures are different.



Next, the authors illustrate the efficiency and net advantage of this new dimensionless approach.



Thus, in Figure 34, Figure 35, Figure 36, Figure 37, Figure 38 and Figure 39, the curves analyzed in Figure 13, Figure 14, Figure 15, Figure 16, Figure 17 and Figure 18 are reproduced, but in dimensionless representation.



This very similar behavior of these structural elements, also observable in the above-mentioned figures, justifies the use of a single dimensionless curve    T ψ  −  L ψ   , as a weighted average of them, which will be of great use in an evaluation of the behavior of the structures with the help of MDA.



In this way, as mentioned in Section 3, the testing of these structural elements was carried out with the assurance of a thermal similarity, i.e., reaching identical temperatures in the homologous points of the structures. The most important homologous points from a thermal point of view were the measurement points at the base, near the upper end of the respective structural element.



In this new approach, those reported in Figure 24 and Figure 25 will take the forms shown in Figure 40 and Figure 41, respectively.



Similarly, for the pillar made on a scale of 1:10, the diagrams in Figure 26 and Figure 27 will take on the shapes shown in Figure 42 and Figure 43, respectively.



It can be observed that, even if the thermal responses of the structural element are reproduced at eight nominal temperatures, starting from    t  0 , n o m   = 300     °  C  , practically all the curves will overlap, which justifies the idea of using a single dimensionless curve    T ψ  −  L ψ   , as a weighted average of them; the polynomial function, which will approximate it, will serve to perform subsequent calculations.



Obviously, further dividing this representative curve into three subdivisions will give the researcher the possibility of a much more accurate polynomial approximation.



Once this global curve, or even the individual dimensionless curves    T ψ  −  L ψ    are obtained, the strategy for determining the value of the “m” parameter and its variation law along the structural element   m  ( z )    becomes unitary and particularly efficient; in the paper [71] this new approach is detailed.




5. Conclusions


Both the original electrical stand and the results of the investigations carried out with its help were presented, in order to monitor the behavior of a real structural element (a pillar of an existing industrial hall), as well as of some models attached to it, made at different scales (1:2; 1:4; 1:10), all followed in the stabilized thermal regimes. These results were materialized in a series of temperature variation diagrams along the respective structural elements.



Based on these diagrams, the authors went on to illustrate the new approach to diagram analysis, using some normalization steps, gradually moving to dimensionless curves and replacing those resulting from experimental measurements with approximation curves (made using the “curve-fitting” method).



The thermoprotective layer, used in engineering applications, represented a shield in front of the heat flow and prevented the transfer of heat between the structure and the surrounding environment.



The authors express their hope that this new approach, with the help of dimensionless curves    T ψ  −  L ψ   , due to its simplicity and efficiency argued in this article, will be implemented as soon as possible in the thermal study of structural elements subjected to fires by specialists in the field.



The obtained results support the methodology studied by the authors considering the application of MDA to hit transfer phenomena. In this way, measurements made on a scale model, which can be studied in the laboratory, allow quick conclusions to be drawn regarding the behavior of the real model.



In this sense, either the individual curves    T ψ  −  L ψ    or their representative curve, as their weighted average, can be of great use to specialists and can also serve as a starting point in the creation of nomogram-type databases, related to quick preliminary calculations.



The approach of the easier establishment of the “m” parameter along the structural element and the heat transfer coefficient    α n    based on it, essential elements in any analysis of the fire resistance of resistance structures, is also not without importance.



Among the goals pursued by the authors in the near future is even the creation of a database, taking into account first the requirements of the domestic industry, but later also of international companies.



Another future objective would be to carry out some numerical simulations, based on the obtained experimental results, that would validate some pertinent numerical models useful to specialists in the field.
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Figure 1. Dimensions of the column segment [2,71,72,78]. 
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Figure 2. The assembled stand [2,71,72,78]. 
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Figure 3. Heating stand, together with the tested 1:10 scale pillar model. 
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Figure 4. The lower end of the thin-walled tested element (column): 1—cylinder; 2—intermediate plate; 3—tested element (column). 
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Figure 5. Time evolution of the temperature in the unpainted prototype. 
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Figure 6. Time evolution of the temperature in the painted prototype. 
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Figure 7. Time evolution of the temperature of the unpainted 1:2 scale model. 
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Figure 8. Time evolution of the temperature of the painted 1:2 scale model. 
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Figure 9. Time evolution of the temperature of the unpainted 1:4 scale model. 
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Figure 10. Time evolution of the temperature of the painted 1:4 scale model. 
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Figure 11. Time evolution of the temperature of the unpainted 1:10 scale model. 
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Figure 12. Time evolution of the temperature of the painted 1:10 scale model. 
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Figure 13. Temperature variation along the unpainted prototype. 
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Figure 14. Temperature variation along the painted prototype. 
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Figure 15. Temperature variation along the unpainted 1:2 scale model. 
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Figure 16. Temperature variation along the painted 1:2 scale model. 
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Figure 17. Temperature variation along the unpainted 1:4 scale model. 
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Figure 18. Temperature variation along the painted 1:4 scale model. 
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Figure 19. Temperature variation along the unpainted pole, made at 1:10 scale. 
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Figure 20. Temperature variation along the painted pole, made at 1:10 scale. 
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Figure 21. Variation of temperature along the intervals of the unpainted base, made at a scale of 1:10, according to Figure 19: (a)    ℓ I  ;   (b)    ℓ  II   ;   (c)    ℓ  III     [71]. 
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Figure 22. Variation of temperature along the intervals of the painted pillar, made on a scale of 1:10, according to Figure 20: (a)    ℓ I  ;   (b)    ℓ  II   ;   (c)    ℓ  III     [71]. 
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Figure 23. The testing device of the comparative accuracies (dimensions are in mm). 
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Figure 24. The three segments of unpainted columns, at 400 °C [71]. 
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Figure 25. The three segments of painted columns, at 400 °C [71]. 
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Figure 26. Temperature variation along the unpainted pole, made at 1:10 scale. 
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Figure 27. Variation of temperatures along the painted pole, made at 1:10 scale; the first interval in Figure 26. 
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Figure 28. Variation of temperatures along the unpainted pole, made at 1:10 scale; the second interval in Figure 26. 
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Figure 29. Variation of temperatures along the painted pole, made at 1:10 scale; the third interval in Figure 27. 






Figure 29. Variation of temperatures along the painted pole, made at 1:10 scale; the third interval in Figure 27.
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Figure 30. Temperature variation along the painted pillar, made at 1:10 scale. 
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Figure 31. Temperature variation along the painted pole, made at 1:10 scale, for the first interval in Figure 30. 
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Figure 32. Variation of temperatures along the painted pole, made at a scale of 1:10, on the second interval in Figure 30. 
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Figure 33. Variation of temperatures along the painted pole, made on a scale of 1:10, on the third interval in Figure 30. 
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Figure 34. Variation of temperatures along the unpainted prototype, in dimensionless representation. 
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Figure 35. Variation of temperatures along the painted prototype, in dimensionless representation. 






Figure 35. Variation of temperatures along the painted prototype, in dimensionless representation.
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Figure 36. Variation of temperatures along the unpainted 1:2 scale model. 






Figure 36. Variation of temperatures along the unpainted 1:2 scale model.
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Figure 37. Variation of temperatures along the painted 1:2 scale model. 






Figure 37. Variation of temperatures along the painted 1:2 scale model.
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Figure 38. Variation of temperatures along the unpainted 1:4 scale model. 






Figure 38. Variation of temperatures along the unpainted 1:4 scale model.
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Figure 39. Variation of temperatures along the painted 1:4 scale model. 






Figure 39. Variation of temperatures along the painted 1:4 scale model.
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Figure 40. The three segments of unpainted pillars, at 400 °C, in dimensionless coordinate system. 






Figure 40. The three segments of unpainted pillars, at 400 °C, in dimensionless coordinate system.
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Figure 41. The three segments of painted pillars, at 400 °C, in dimensionless coordinate system. 






Figure 41. The three segments of painted pillars, at 400 °C, in dimensionless coordinate system.
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Figure 42. Variation of temperatures along the unpainted pole, in dimensionless representation. 






Figure 42. Variation of temperatures along the unpainted pole, in dimensionless representation.
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Figure 43. Temperature variation along the painted pole, in dimensionless representation. 






Figure 43. Temperature variation along the painted pole, in dimensionless representation.
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Table 1. Principal dimensions of the column segment presented in Figure 1 [2,71,72,78].






Table 1. Principal dimensions of the column segment presented in Figure 1 [2,71,72,78].





	

	
Prototype, at Scale 1:1

	
Model I, at Scale 1:2

	
Model II, at Scale 1:4




	
Dimensions, in m






	
La

	
0.370

	
0.185

	
0.0925




	
Lb

	
0.370

	
0.185

	
0.0925




	
Lc

	
0.006

	
0.003

	
0.0015




	
Ld

	
0.350

	
0.175

	
0.0875




	
Le

	
0.350

	
0.175

	
0.0875




	
Lf

	
0.016

	
0.008

	
0.004




	
Lg

	
0.016

	
0.008

	
0.004




	
Lh

	
0.400

	
0.200

	
0.100




	
Lk

	
0.010

	
0.005

	
0.0025




	
Lm

	
0.450

	
0.450

	
0.450




	
Ln

	
0.450

	
0.450

	
0.450
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Table 2. Principal coordinates of the temperature measuring points [2,71,72,78].






Table 2. Principal coordinates of the temperature measuring points [2,71,72,78].





	
Prototype, at Scale 1:1

	
Model I, at Scale 1:2

	
Model II, at Scale 1:4

	
Model III, at Scale 1:10




	
Coordinates z(j) in m






	
0.020

	
0.020

	
0.020

	
0.015




	
0.110

	
0.060

	
0.055

	
0.030




	
0.200

	
0.105

	
0.090

	
0.045




	
0.290

	
0.150

	

	
0.060




	
0.380

	
0.190

	

	
0.100




	

	

	

	
0.200




	

	

	

	
0.400




	

	

	

	
0.460




	

	

	

	
0.495
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