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Abstract: This paper reports experimental and theoretical result derived from research on steel
structural elements’ fire-protection with intumescent paint. The experimental results were obtained by
means of an original testing bench, briefly described below and some basic cases, i.e., horizontally and
vertically disposed, massive and square-tubular cross-sectioned, reduced-scale straight bars heated
at one end. By means of the thermocouples mounted along the bars, the temperature distribution
laws were monitored, depending on the heated end’s nominal temperature. The paper describes
an original approach to the temperature distribution evaluation by means of some new parameters,
based on the temperature distribution laws experimentally obtained with reduced-scale models. We
involved the least-square method (LSM) and the curve-fitting one in order to obtain a more accurate
temperature distribution law compared to the experimentally obtained ones. We also introduced
some new parameters in order to define the amount of heat loss in a more accurate way. Based on the
results obtained, the authors suggest that this approach to the temperature distribution law can be
efficiently applied in further thermal analyses, for both 2D and 3D structures. The paper also includes
a thorough analysis of “m” variation along the square-tubular-cross-section, reduced-scale straight
bars, and similar new approaches are proposed by the authors. The sub-goals of this investigation
were (1) to obtain useful correlations between the magnitudes of the massivity { = P/A and the
parameter “m” along the bar, and (2) to analyze, on reduced-scale models, the heat distribution laws
on unprotected and intumescent-paint-protected 2D and 3D steel structures.

Keywords: experimental-obtained temperature distribution law; relative temperature curves;
m parameter’s variation laws; 2D steel structural elements; testing bench; reduced-scale models

MSC: 80A20

1. Introduction

A thorough examination of the literature shows that there have been several high-
accuracy and meticulous theoretical and experimental studies concerning temperature
distribution along structural elements and their consequences on load-bearing capacity.

What the literature indicates is the fact that in the field of the fire safety analysis of
full-scale models, the fire-development prediction and prediction of its influence on the
structural behaviors can be very difficult due to the complexity of the phenomenon and the
numerous parameters which have to be taken into the consideration.

Additionally, the validation of the full-scale structures’ numerical models by thor-
ough experiments is very difficult due to the costs involved, extended time period, and
complexity of the adequate experimental investigations.

This is the reason why several authors developed numerical models and analytical
approaches for reduced scales models, with which the experimental investigations can be
performed much easier and with less costs than on the full-scaled ones.
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Another difficulty of the fire-evolution modelling relates to the complexity of the
phenomena involved in this process (pyrolysis, combustion, conduction, convective and
radiative heat transfer, etc.) [1,2].

The authors of [3] performed experimental investigations concerning the temperature
distribution on different types of joint (T, Y, K, and KT) widely used in SHS (square
hollow section) structural members connections. There were six unprotected welded
SHS specimens which were tested without external loading and subjected to the ISO-834
standard fire conditions. The experiments showed that the temperature distribution is
uneven around the joint, which is greatly influenced by the dimensions of the brace’s
cross-section and f, which is the brace/chord diameter ratio.

The authors of references [4-7] studied the fire resistance at the SHS and the circular
hollow section (CHS) structural members with different types of joints. These full-scale
elements, exposed to a standard fire, were subjected to axial loading.

Similar topics were thoroughly analyzed by the authors of reference [8].

In reference [9], the authors offer the comparative experimental and theoretical (by
FE analysis with ABAQUS and by analytical calculus based on Euro-code 3) heat-transfer
laws of tubular steel columns subjected to a standard fire test (ISO 834). The analyzed
columns were also subjected to different axial loadings, up to 25% of their ultimate load
bearing capacities. The authors concluded that the heat-transfer laws are independent
of the loading type and its magnitude, but the critical temperature is influenced by the
cross-sectional shape factor.

In [10], the authors investigated a localized fire’s effects (in the building’s compart-
ments) on steel columns’ load bearing capacity and on their thermal distribution laws,
involving sixty K-type thermocouples with full-scale CHS structural elements. The asym-
metric thermal loading led to the buckling of the column. The authors compared the
estimated heat release rate and the burning duration with the real-measured ones, obtain-
ing significant differences mainly depending on the ventilation rate too. They also analyzed
the influence of the distance between the localized fire and the tested column concerning on
the variation along the cross-section of the thermal gradient’s quantity, as this will decrease
when the distance grows.

The author of reference [11] performed a thorough analytical evaluation of the tem-
peratures of four-side heated columns, subjected to a standard fire, based on earlier and
up-to-date Euro-codes. Useful and practical conclusions are offered in this calculus.

The authors of reference [12] offered an analytical model concerning the radiative heat
transfer produced by a gas mixture in standard fire conditions inside a closed black-type
room. This model can be applied mainly in order to evaluate the thermal response of
the unprotected I-steel columns, offering closer results to the common one, based on the
Stefan—Boltzmann relation, which presumes constant emissivity.

The following references provided other interesting and useful results concerning: the
analytical approaches [13-20], the experimental ones, combined with testing details [21,22],
and combined with numerical and analytical methods [23,24].

Compared with the studies mentioned above, the authors of the present contribution
started with detailed experiments on reduced-scale structural elements, as will be described
in the following sections.

2. Materials and Methods

In reference [1,25], the author presented the theoretical background of the thermal
distribution law along a straight bar with a massive cross-section, heated at its lower end
by means of a plane surface.

Overall, the following main aspects can be summarized from the above-mentioned
contributions [1,25].

In the hypothesis of m = const., the following differential equation was obtained:

dZ
% =m?-t(z), 1)
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with its general solution:
Hz) =te(z) =c1- "+ e7™* +1y, 2
where:
- t(z) [°C] is the measured temperature of the bar;
- te is the estimated value of the theoretical temperature;
- ¢, ¢ [°C]—constants;
-ty [°C]—the ambient temperature;
- is a widely applied parameter:
P a, |1
S S 3
"EVATA [m] ®)
{=P/A|~|; @)
= —|

- ( is the so-called shape factor (the massivity) of the bar as ratio of the P[m] cross-
section’s circumference and its A[m?] area;

-y {mTWK or mz—wc] —the bar’s nappe heat

- transfer coefficient;

- A {% or mloc} —the bar’s material thermal conductivity coefficient.

In the hypothesis of m = const., one can accept t;, a, and A being constants along the
bar. However, for a more accurate approach, one has to consider a,(z), A(z) depending on
the distance z [25].

In the case of the bars with massive and circular cross-sections, having the diameter d,
from relation (3), one can obtain the a, (z) heat transfer coefficient along the bar:

ay(z) = m? - g -AMz); 5)
whose expression was involved in a thorough examination by the authors of the correlation
between a,(z), m, A(z) [1,25].

In order to validate the above-mentioned law (2) by careful measurements, the authors
conceived and manufactured an original testing bench (see Figure 1), detailed and described
in reference [1].
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Figure 1. The principle schema of the original testing bench with completions [1].
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In the same reference [1], the authors also presented the effective (plotted) temperature
distribution laws along the longitudinal axis of some bars with massive and circular cross-
sections, obtained by meticulous experiments with this test bench.

Briefly, this original testing bench consisted of the tested straight bar (1), an even,
circular one with rectangular holes visible in the cross-section, having length I, fixed
in a circular steel plate (2), with diameter 0.1 m, equipped with the heating element 3,
embedded in the heat-insulated cylinder (4), and in an insulation house, (5 and 6), mounted
in a support with the possibility of a desired angle/positioning a, € [0; 180°] with respect
to the vertical direction (Figure 1). The subassembly of the heated body is B.

In order to include the supplementary experiments, performed in this contribution,
the case of the square-tubular cross-section is also included in Figure 1.

The heating element 3 is electronically controlled, and it maintains the desired
to,n = t(0) [°C] nominal temperature of the bar’s lower end, which is the heated end.

In order to perform high-accuracy measurements, some adequate thermocouples were
used both on the tested specimen and on the heated body 2. In the case of the tested
specimen, the thermocouples at levels z ;, indicated by index k with respect to the tested
bar’s type (k =1, II, II1, IV with dia. d = 0.020 m and different lengths); the index j is related
to the z; coordinate considered from the lower end of the bar, starting from the reference
point O. In the heated body, positioned/mounted at levels h; = 0.005 m; hy = 0.015 m, two
other thermocouples assured the high-accuracy nominal tp , [°C| temperature evaluation.

The whole subassembly of 2-3-4 assured the desired ag € [0°; 180°] angular position-
ing of the tested bar with respect to the vertical direction. The lower end’s parameters are
referred to with O; the upper end’s ones had index u; the fixed TC;j thermocouples on the
bar had well-defined z; [m] coordinates; one supplementary thermocouple was positioned
in the environment near the bar and monitored the #,[°C] ambient temperature; A, denotes
the area of the bar’s nappe; A = const. is related to the cross-sectional area of the bar.

The mentioned thermocouples (FPA15P-type, Ahlborn GmbH, Germany) were fixed
in bores with 2.0 mm in diameter (see Detail E and Section H-H in Figure 1); the lengths
are offered in mm.

It should be mentioned that the temperature plotted by the last TC, thermocouple can
be considered as representing the upper end’s temperature, corresponding to the coordinate
z=14,ie., t(zy) = t(£).

This approach can be easily accepted, due to the fact that in the part opposite to the
heated end of the bar (for the difference ¢ — z, = 0.005 m between these coordinates),
the temperature changing is insignificant, as proved by the authors in their previous
experimental investigations. These investigations involved only steel bars with mas-
sive and circular cross-sections (steel: 5275J0, EN 10025:2005), being 0.020 m in diameter,
¢ = 0.050; 0.100; 0.150; 0.200 m in length, and ag = 0°; 90° in angular positioning with
respect to the vertical direction, heated at the lower end to tp, = 100°C; 400 °C nomi-
nal temperatures.

For the above-mentioned cases (k) and the corresponding coordinates (z;), where
the authors monitored the temperatures, based on the reference [1], one can mention
the following:

e Inthe first case (k = I), where the total length of the bar/tested specimen was ¢; = 0.050 m,
nine thermocouples were mounted, located next each to other at the same distance
apart of 0.005 m (with z; = 0.005 m for all of the k-cases); in addition, the tenth
monitored point was practically the lower end of the bar (the point O), with the
predicted tp , nominal temperature;

e  For case k = II., with /; = 0.100 m, there were five supplementary holes, disposed to
each other at 0.010 m distance;

e In the case k = III., with ;1 = 0.150 m, the authors supplemented the setup with
other five thermocouples, at 0.010 m from each other, and consequently there were
nine thermocouples 0.005 m apart, one other at point O, and ten thermocouples
0.010 m apart;
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e  For the case k = IV, with /1y = 0.200 m, the other five supplementary thermocouples
were located 0.010 m apart.

In the searching experimental investigation on specimens with massive and circular-
cross-sections, described in [1], the authors analyzed two nominal temperatures of
to,n : 100; 400 °C, and two angular positions of the bars, i.e., the vertical one (a; = 0°) and
the horizontal one (g = 90°). The hypothesis of m = const. was verified and validated;
i.e., we obtained for each analyzed case one single (different/particular) value of m.

One has to mention the significant fact that the testing bench was located in a special,
climate controlled, highly thermally insulated 2.5 x 2.5 x 2 m room, where the staff
(persons) involved in the experiments had very limited access (only at the beginning
and at the end of the experiments); the data acquisition during the experiments was
performing using an outsider counter (o masa speciala de comandd) without opening the
afore-mentioned special room.

In order to assure the aforementioned high-accuracy evaluation of the temperature
to (which will be considered in the following the nominal temperature, i.e., the nominal
heating value tp ,), we took into consideration the linear temperature variation along the
z-axis in the heated cylinder, part 2, shown in the lower right side of the Figure 1.

Based on the similarity of the involved triangles in this temperature distribution at the
levels hy, hy, one can obtain, step by step, the requested relation, i.e.,

to—to _ ho—to. _ .
o= —h o kohi—to-h =t hy—to-hy;

tro-hi —tig-hy = —to-hy +to-hy;
to-(hy—h) =tig-hy—trg-hy,

from which, finally, one can obtain:

= t10-ho —tro - Iy
© (hy —hy)

For a given case (to, ,[°C]; ag[°]; £i[m]), the first step consisted in the high-accuracy ad-
justment of this nominal temperature tg ,,, by performing recurrently, sets of thirty temper-
ature acquisitions (each of them 5 s): of the ambient (¢,) and of the heated plate 2 (t1 o; t2,0);
and determining by calculus, using relation (2), the temperature tp of the bar’s lower
end. These recurrent measurements were performed to obtain the (ts; = to ; ts,m) mean
values of the mentioned quantities with lower uncertainty than 0.04% with respect to the
predicted nominal value of tg 4, i.e.,

t k,j
or(k,j) = tappropr (K1) _ 1, with |¢(k, j)[(0.04,

Ermeas (k/ ])

where one has considered:

tappropr (k. j) = te(k, j) + ta,m(k)—the appropriate temperature mean;
tmeas (k, j)—the measured temperature;
tam(k) = tam(k, j)—the mean value of the ambient temperature along the whole
length of the tested bar;
o  6t(k, j)—the relative error with respect to the measured data.

After obtaining stable temperature loading conditions for the bar (o, ,), i.e., at the
lower end, data acquisition for all thermocouples was performed in similar manner, involv-
ing each time thirty measurements, with which we put together the datasets constituting
the mean values of sets of thirty measurements at all z; levels.

Useful remarks:

e  One can also mention that this is the real explanation of the two-decimal temperature
values during these above-mentioned experimental investigations, and from the sets
of thirty values of course one will obtain this accuracy;
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o  Even for a first attempt, the (x,,, A) coefficients, when the hypothesis of m = const. is
accepted, will be considered also to be constants along the bar, but for a more accurate
calculation, the authors in the aforementioned reference [1] proposed an original and
more accurate approach for their variation along the bar, i.e., a,(z), A(z).

e  Briefly, from the definition of the parameter m, rel. (3), one can obtain the rel. (5),
corresponding to a,(z), and the A(z) can be expressed as a second-order temperature
curve £(z):

AMz)=da +b -tz)+c - t3(2)

The coefficients 4/, b/, ¢’ (which depend on the quality of the bar’s material) are
determined by applying the least-squares method on a set of numerical data-pairs from
thermo-dynamical tables {¢(i), A(i)}, fori € [1, n].

o  We accepted natural convection between the upper end of the bar and the ambience,
and correspondingly, from the literature one can obtain the Nusselt number Nu [-], a
function of the Pr [-] Prandtl number and the Ra [-] Rayleigh one: Nu = f(Pr, Ra).

e  From the same reference, corresponding to the horizontal positioned bar, one has
Nu = 0.54- Ra%® [-]; (2)

e  For the vertical positioned one:
0.25

. Nu:0.68+%[—].
7/9/16
e  The whole protocol is detailed in reference [1].

By means of the experimental results, it became possible:

to validate the theoretical thermal distribution law (2) from [25];
to validate the hypothesis of m = const. in the case of the bars with massive cross-sections;
to establish, in the hypothesis of m = const., the values of the parameters (c1, ¢z, m)
required to determine the theoretical distribution law that fully matches the experi-
mentally obtained law in the case of the given bar with a massive cross-section (with
the square of the multiple correlation coefficient R?> =2 0.999), destined for further
numerical simulations;

e to highlight the significant influences of the bar’s length and its «, [°] angular posi-
tioning on the magnitude and shape of the effective thermal distribution law.

3. Results

In this contribution, the authors’ first attempt aimed to improve the results de-
scribed in [1,25], concerning the steel bars with massive and circular cross-sections (steel:
§275J0, EN 10025:2005)—0.020 m in diameter, £ = 0.200 m in length, and ay = 0°; 90°
in angular position with respect to the vertical direction—heated at their lower ends to
ton = 100°C; 400 °C (nominal temperatures).

As already mentioned, in the case of the bars with the massive cross-sections, the
hypothesis of m = const. is valid, but the described calculi described are quite complicated.

By applying the least-square method (LSM) for sets of discrete data pairs of the
coordinates z; [m] and the corresponding measured temperatures, the authors obtained
both an easier approach for calculi of the requested “m” parameter and the constants (c3; ¢3)
from the general solution (2), along with a very good correlation between the measured
and estimated values, by what is known as classical (“exponential”) method, described by
Equation (2).

In contrast, the curve-fitting method was applied by the authors, where even a third-
degree polynomial function was involved for the curve-fitting of the experimentally ob-
tained temperatures. The obtained results were closer to the measured values than in the
case of the classical (“exponential”) approach.

These comparative results are presented in Figures 2-9.
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twn=100 L=200
105 T T T T T T T T T
1004 : General model T(z)= C1*exp(m*z)+C2*exp(—~m*z)+ta : : B
C1=7.089807 C2=67.234491
m=5.762166 ta=24.620000
Rsquare= 0.998591
95+ : "
90 2
o
o 85 .
'_
80 .
751 .
70 =
Interpolated
O Measured data
65 T T 1 1 | I | | 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Z[m]

Figure 2. Classical (“exponential”) approach with LSM (for Equation (2)) compared with the experi-
mentally measured data for tp, = 100°C; g = 0°.

twn=100 L=200
105 T T T T T T T
1004 : General model T(z)= Tfun(x) = pt w3+ p2"x2 +p3*x+pd-: : .
p1=—2115.508792 p2=1472.629962
p3=-367.998570 p4=-367.998570
Rsquare= 0.998891
95 : e i
90+ .
%)
5 85F .
-
B0 |- o
75+ .
70 i i .
Interpolated
O Measured data i ;
55 L I 1 1 Il

T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Z[m]

Figure 3. The third-degree polynomial approach of the experimentally measured data for tp ,, = 100 °C;
ag = 0°.
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twn=100 L=200
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I Poly3
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Figure 4. The comparative deviations for “exponential” and third-degree polynomial approaches

(to = 100°C; ag = 0°).
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Figure 5. The comparative deviations for “exponential” and third-degree polynomial approaches

(to,n = 400°C; g = 0°).
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twn=100 L=200
105 T T T T T T T T T
General model T(z)= C1*exp(m*z)+C2*exp(-m*z)+ta
100 C1=73.953525 C2=4.595178 : i : 4
m= —6.335963 ta=23.390000
Rsquare= 0.999739
95 -}
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70+ )
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O Measured data
60 ! |
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Figure 6. The “exponential” approach involving LSM (for Equation (2)) compared with the experi-
mentally measured data for tp, = 100°C; g = 90°.

twn=100 L=200
105 T T T T T T T T T
General model T(z)= Tfun(x) = p1"x3 + p2"x2 + p3*x + p4
100 ~pt =-953.038870 p2=1283.195652 § : 0
p3 =-424.120034 p4=-424.120034
Rsquare= 0.999765
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90+ .
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Q
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75+ .
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O Measured data
60 1 1

I T 1 1 1 1 Il
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Z[m]

Figure 7. The third-degree polynomial approach of the experimentally measured data for t5 , = 100°C;
ag =90°.
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twn=100 L=200
0.4 T T T
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Figure 8. The comparative deviations for “exponential” and third-degree polynomial approaches
(to,n = 100°C; ag = 90°).

twn=400 L=200

I Exp
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Deviation Measured-function calculated [grC]

-4 1 1 1
-0.05 0 0.05 0.1 0.15 0.2
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Figure 9. The comparative deviations for “exponential” and third-degree polynomial approaches
(to,n = 400°C; ag = 90°).

Even if the comparative temperature distribution laws for tp, = 400 °C were not
reproduced as for tp , = 100 °C, as shown in Figures 2—4 and 6-8—just the comparative
deviations ones—it can be stated that this polynomial approach, together with the tempera-
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ture increasing, offers better accuracy (having greatest R? values) and less deviation than
the “exponential” approach, without reference to the ay angular positioning of the bars.

This new approach involving the use of a polynomial function of the thermal distribu-
tion law) will allow for easier calculation, both in the classical (analytical) manner and with
the finite element method as far as the thermal stress—strain states analysis of these straight
bars is concerned, due to the fact that one can apply some continuous thermal distribution
functions in these calculi.

4. Discussion

In order to obtain accurate and useful information concerning the thermal distribution
law in straight bars with different lengths, the authors performed several supplementary
experimental investigations with straight bars having not only massive circular cross-
sections, but also square-tubular ones.

As mentioned before, in the case of the bars with massive cross-sections, the m = const.
hypothesis is valid. In the case of the square-tubular ones, how this hypothesis of m = const.
is valid only for some of the smallest intervals and not for the whole length of the bar will
be demonstrated in the following.

In these accurate experimental investigations, the steel bars involved had the following
specifications: steel: 5275]0, for bars with massive cross-sections, and 5355]2, EN 10025:2005
for square-tubular ones, having different cross-sectional dimensions, lengths ¢ [m] and
coordinates z; [m] of the involved thermocouples (i.e., the analyzed points’ coordinates)
(see Table 1).

Table 1. Coordinates of the analyzed points.

The Analysed Massive Circular Cross-Section with Dia. d Square-Tubular Cross-Section
Point’s d=0016m;(=0240m  d=0.020m;/=0200m  0.040 m x 0.040 m x 0.005 m; / = 0.400 m
Number

i Coordinates z(j)[m] of the Analysed Points

1 0.000 0.000 0.000
2 0.005 0.005 0.020
3 0.015 0.010 0.040
4 0.025 0.015 0.060
5 0.035 0.020 0.080
6 0.045 0.025 0.100
7 0.055 0.030 0.120
8 0.065 0.035 0.140
9 0.075 0.040 0.160
10 0.085 0.045 0.180
11 0.095 0.055 0.200
12 0.105 0.065 0.220
13 0.115 0.075 0.240
14 0.125 0.085 0.260
15 0.135 0.095 0.300
16 0.145 0.105 0.340
17 0.155 0.115 0.380
18 0.165 0.125

19 0.175 0.135

20 0.185 0.145

21 0.195 0.155

22 0.205 0.165

23 0.215 0.175

24 0.225 0.185

25 0.235 0.195

It should be mentioned that the number of the thermocouples was twenty-four in the
cases of the bars with massive cross-sections, sixteen in the case of the square-tubular bar,
and two others in heated plate, from which, by analytical calculus the heated end’s nominal
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temperature, marked with tp ,, = t(0), was established. Another one was fixed near the
tested bar, which monitored the environment’s temperature during the experiments.

In what follows, only the most significant results of the mentioned thorough experi-
mental investigations will be presented.

Figure 10 offers the comparative, effectively measured, thermal distribution laws with
respect to the massive circular (0.016 m in diameter and 0.020 m in length) and square-
tubular (0.040 m x 0.040 m x 0.005 m) straight bars, having a¢ = 0° in angular positioning
with respect to the vertical direction, heated at their lower ends to tp , = 400 °C.

In order to obtain a generalized curve, the authors propose a relative ty [%] ther-
mal curve, which monitors the remaining percentage of the nominal fp, temperature
(considered to represent 100%).

Figure 11 shows these comparative relative ¢y [%] thermal curves, corresponding to
the same initial conditions (¢¢ = 0° and tp , = 400 °C), i.e., with respect to the Figure 10.

In Figures 1214, the comparative relative t; [%] thermal distribution laws with respect
to the straight bars with massive circular and square-tubular cross-sections for all of
the analyzed cases (g = 0°;90° and tp, = 100°C; 400°C) are presented without the
effectively measured thermal distribution laws.

Based on the relation of the shape factor (4), one has to establish the corresponding
values for the involved cross-sections.

e  For the massive circular cross-section, one has:

w-d 4

CSaAd ©

from which, for d = 0.016 m, one will obtain ¢ = % = ﬁ = 250 {%}, and for
d = 0.020 m, one will obtain ¢ = % = ﬁ =200 [%},

o  For the square-tubular cross-section, one will obtain

P 4-0.040 1
= — = = 22857 | —|.
= A~ (0.040)2 = (0.030)2 [m}

One can perform a synthesis of the obtained results, taking into the consideration the
above-mentioned figures (Figures 10-14), summarized in Table 2.

It should be mentioned that for the remained percentages ty [%], the rounded up
values are:

This table offers for the ¢(¢) [°C] temperatures the exact ones mentioned.

By performing a comparative analysis of the effective t [°C] and the relative ty [%)]
temperature curves, one can underline the following:

e  For the case of tp ,, = 400 °C, for the vertically positioned bars (Figures 10 and 11), the
temperature diminishing was lower in comparison with the horizontally positioned
ones (Figure 14); this means that in the first case the free-end’s temperature will be
greater than in second one;

e This difference is certainly the consequence of the different heat transfer between
the bar’s nappe and the environment. When one has a horizontally positioned bar
(g = 90°), the heat transmitted to the environment between two neighboring thermo-
couples (i.e., through the corresponding cylindrical surface of the bar’s nappe) will
not influence the heating of the next zones (nappe’s area), obtaining greater heat loss.

By contrast, in the case of the vertically positioned bar (ag = 0°), the amount of heat
transmitted to the environment, starting from the first interval, will influence the next
zone’s heat transfer, and consequently the heat loss will be reduced;

e By comparing Figures 12 and 13, the same remarks for the case of tp ,, = 100 °C apply;
e  Together with the nominal tp , temperature increase, the temperature loss became
greater (i.e., the heat exchange became better);
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e Comparing the three analyzed cross-sections, one can conclude that the best heat

exchange will be offered by the square and tubular cross-section, as for it, ty [%)]
always had the minimal value, followed by the massive circular one, which was
d = 0.016 m in diameter;
This difference became greater with the increase in the monitored ¢ [m] length of the bar;
Even the square-tubular cross-sectional bar has an intermediate value of the shape
factor { = 228.57 [%} , its heat-exchange is the best, followed by the massive circular
one, with d = 0.016 m in diameter;

e It seems that this special behavior of the square-tubular cross-sectional bar is due to
the fact that, as shown below, the m = const. hypothesis is not valid for the whole
length of the bar, but rather for some smallest intervals; consequently, the thermal
distribution law will finally present a greater gradient than those unique curves, which
can be drawn based on the m = const. hypothesis for all their length.

t[°c]
420.00
400.00
380.00
360.00 :
340.00 =4~ 0.040x0.040x0.005 m
320.00 i
A0 —0~d=0.016m
280.00 —0m=d=0.020 m
260.00
240.00
220.00
200.00 Ot —18857%
$56.00 00 184.27°C
160.00 AT ,
140.00 o 125,01°C
120.00 ‘
100.00 ‘ 86.30°C
80.00 ‘
60.00 |
40.00 -
2000 |
0.00 !
TETITERIEIE T LT TR I
© 0 0O 006 06 O 0 0O O O O 0O 60 0 o o o
Figure 10. The comparative, effectively measured thermal distribution laws for a4, = 0° and
to,n = 400 °C.
t [%]
100 ¢
90
- ——0.040x0.040x0.005 m _|
' d=0.
i A ‘ . =0=-d=0.016 m
== d=0.020 m
60 PR
50
40
30
20 21%
10 -
0
883 8823422 8RAJIIRIIRIAITI I Szm
© 6 6 6O 6O O O 6 6 6 © 06 0 6 0 6 66 6 © 6 ©

Figure 11. The comparative, relative ty [%] thermal distribution laws for ag = 0° and tp , = 400 °C.
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The authors also propose one other parameter, the compared Aty = 100 — ty [%]
temperature loss (the percentages of the lost temperatures), which offers a clearer image on
the temperature losing phenomenon.

In Figure 15, the Aty = 100 — ty [%] values are presented, corresponding to the
to,n = 100 °C nominal temperature, and in Figure 16, those corresponding to the tp, =
400 °C values.

=<~ 0.040x0.040x0.005 m -
=0=d=0.016 m

e (1=0.020 m
70

60 -
50

0 » 43%
30 -+
20 -

10

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20

Figure 12. The comparative, relative ty [%] thermal distribution laws for ag = 0° and tp ,, = 100 °C.

g [%]
100
90 Yy .
- ~0—0.040x0.040x0.005 m
~0=(1=0.016 m
70 e\ | | | | |
‘\“‘“‘N ~@-d=0.020 m
60 - L 0% —————
50
40
36%
30 4
20
10 -
0 f z[m]
8 § 3 888 943 Y9V JJI vy gdgxn e
o o o o (=] o o o o o (=] o o o o o O (=] o o (=]

Figure 13. The comparative, relative t; [%] thermal distribution laws for ag = 90° and tp ,, = 100 °C.
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t [%]
100 ¢
90
) =—0.040x0.040x0.005 m
80 ®
n wd=0.016 M
| L}
0 ° ®—d=0.020 m
60
50
40
30
20 +
10
0
g 8§ 3 8 882 4338 8RR JIF LI I FRIRAN
¢ 6 O 6 6 6 06 6 6 86 6 0 06 ©0 6 66 © © © o

17%

0.40

z[m]

Figure 14. The comparative, relative t, [%] thermal distribution laws for &y = 90° and to , = 400 °C.

Table 2. The monitored ends of the bars.

The Monitored Length Ends

Shape Monitored 5 .
CTYPe gf tl}e Factor Length of the Analyzed Case Effective Relative
ross-Section {=PIA[1] Bar ¢ [m] Temperature Percentage
m arcim #(0) [°C] ty (%]
ag =0%to, =100°C 52.27 52
Cdircular with ag = 0% to, = 400°C 133.04 33
= 0.016 m 250.00 0.195 o °
in diameter ag =90% tp,, = 100°C 42.38 42
ag =90% to,, = 400°C 116.15 29
ae =0%to, =100°C 67.87 68
(;ircular with wg = 0% to,, = 400°C 184.27 46
=0.020 m 200.00 0.195 o °
in diameter ag =90°% tp,, = 100°C 60.85 61
ag =90°% tp,, = 400°C 163.89 41
ag =0%to, =100°C 52.10 52
Square-tubular ag = 0% to, = 400°C 128.90 32
0.040 x 0.040 x 228.57 0.200 o o
0.005 m ag =90°% tp,, = 100°C 45.80 46
ag =90% to, = 400°C 112.60 28

One can state that with the increasing of the tp , nominal temperature, the amount
of heat loss Aty = 100 — ty, [%] became greater. It was always greater in the horizontally
positioned ones (¢, = 90°) than in the vertically positioned ones (a; = 0°), due to the
corresponding relative temperature curves’ variations, ty [%)].

Additionally, one can remark that together with the increasing of the bar’s total length,
the lost Aty [%] for the same reference length of ¢ [m] was also increasing, and much more
intensively for the horizontally placed bars (¢ = 90°).

These comparative diagrams point out to 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.
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At [%] = ag=0°, t0,n=100°C W ag=90°, t0,n=100°C

s 54
5 438 43
40

40 32

30

20

10

0 !

d=0.016 m, I=0.195 m d=0.020 m, |=0.195 m 0.040x0.040x0.005 m,
I=0.200 m

Figure 15. The compared Aty = 100 — ty [%] temperature loss, corresponding to tp,,, = 100 °C.

At [%] m ag=0°, t0,n=400°C W ag=90°, t0,n=400°C
100

90 -

80

70 &7 = 68 1
59

60 - 54

50

40

30 -

20 -

10

0 4

d=0.016 m, I=0.195 m d=0.020 m, I=0.195 m 0.040x0.040x0.005 m,
I=0.200 m

Figure 16. The compared Aty = 100 — ty, [%] temperature loss, corresponding to ¢p , = 400 °C.

The authors also propose to introduce a new dimensionless parameter ¢, as the product
ofthel = P/A {%] shape factor of the bar and the effective length of bar (¢ [m]):

F=g¢-L[-] 7)

By means of this new parameter, it became possible to evaluate the behavior of the
bar more properly, with respect to the temperature reduction, and to the temperature
propagation along the bars with different effective lengths.

Observations. Starting from the theoretical relations concerning the parameter m’s
calculus based on the experimentally obtained temperatures along the tested bars [1,25], the
authors performed thorough analytical processing for the above-mentioned square-tubular
cross-sectional straight bar.

In Figure 17, the global curves (established by calculus for the whole length ¢ = 0.40m
of the bar) of the parameter m’s variation, corresponding to &y = 0° angular positioning and
different nominal temperatures of the heated end (tp , = 50; 100;200; 300; 400 and 500 °C)
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are presented, based on the experimentally obtained temperatures. Due to its very high
gradient along the first £; = z = [0.000 — 0.020 ] m interval, the authors performed a careful
calculation for each 1 mm length, offering a detailed gradient, as shown in Figure 18.

m([1/m]
18.00

17.00 | w—t1=50C]

16.00 SN WS SN SN SN (N N S S —— — — - 1 |
15.00 i 4 i { ! { { { { { { { ! i 13=200(°C)
14.00 { ! { ! { { } 4 {
13.00 SN S S SN S S — —

12.00
nmoo AN Lo bbb bbb L ]| e—t62500["C]

| —— 14=300[°C]

| —— 15=400["C]

10.00
9.00
8.00 -
7.00 -

6.00 4 6.25

5.00 |
400 +————1——f L e — 4.07

300 +—A—+———+—t— L
200 |
1.00 -
0.00

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20 -+
0.22
0.24
0.26
028
0.30
0.32
0.34
0.36
038
0.40

Figure 17. The variation in the parameter “m” for the whole length of the bar { = z = 0.40 m,
corresponding to ag = 0° angular positioning.

m(1/m

17.50 -
17.00

1o | —t1=50[°C]

15.50 t—12-100[C)

15.00 - t

14.50 | — t3=200[°C]

sl | — 1a=300('C]

13.00 - R — o

12.50 J [ t5=400(°C)

12.00 + — 16=500["C]

11.50 - |

11.00

10.50

10.00 -

9.50

9.00

8.50 -

8.00 -+

7.50

7.00 T

6.50 1

6.00 t
O o &N M T VN VW N B O O =« AN M T N O N 0O O O
©O O O O © O O © 0 © ™ ™ ™ ™ ™ ™ ™= ™ ™= = l[m]
© © © O O o0 0O oo oo oo © o o o o o©
©O © © O ©O O O O O ©O 0o oo o 0o ©o ©o o ©o o o

Figure 18. The variation in the parameter “m” along the first significant interval of the bar ({/; = z =
[0.000 — 0.020] m), for ag = 0°.

Similar analyses were conducted for cases of ag = 90° angular positioning (see
Figures 19 and 20) and ag = 180° (see Figures 21 and 22) [26-28]. In these last two cases,
significant variations were observed only for the interval of ¢'; = z = [0.000 — 0.040 | m.
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m[1/m]
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10.00
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6.00 4t — 6.25

| w— 1150 "C)

T — 12=100(°C)
| —132200("C)
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T w— t6=500("C]
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400 ——++ L L & L ey 4.05
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0.02 |
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o © © o© © © © © ©o ©
Figure 19. The variation in the parameter “m” for the whole length of the bar ¢/ = z = 0.40 m,
corresponding to ag = 90°.

m[1/m]
18.00

17.00 ‘ | T ' | — 11=50[°C) '
16.00 \\ — 12:100[°C) —
— 132200(°C)
— 14=300[°C)

e 15=400[°C)
—— t6=500[°C)

15.00
14.00 -
13.00
12.00
11.00
10.00
9.00
7.00 -
Gw - + -+ — + — - —t

5.00 -
8
o

0.01
0.01
0.02
0.02
0.03
0.03

3 3z(m
o o

Figure 20. The variation in the parameter “m” along the first significant interval of the bar (¢; =z =
[0.000 — 0.040] m), for ag = 90°.

Some observations can be made:

e  Together with the temperature increase, an adequate increase in m’s curves’ values
was obtained;

o The greatest gradient of m’s curves is observable in the first interval (ie., ¢ €
[(0....0.05) - £] in the first case of the a; = 0°, and for ¢'; € [(0.05....0.10) - £],
corresponding to the cases of the ag = 90° and ag = 180°;

e  The plotted curves are practically the same for all three &y (angular positioning values)
with respect to a given ¢ , nominal temperature.
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Figure 21. The variation in the parameter “m” for the whole length of the bar ¢ = z = 0.40 m, to
_ o
ag = 180°.
m([1/m]
18.00 - - ~ ' :
17.00 ! ' | . | ——1t150['C]
16.00 _ - 12-100(°C]
15.00 & t3=200(°C]
14.00 - == 14=300(°C)
13.00 == 15=400["C] -
12.00 7 ~@— 16=500(°C)
11.00 + :
10.00 -+ —
9.00 - —
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Gw + + + + + + + + ﬁ‘ [ ]
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Figure 22. The variation in the parameter “m” along the first significant interval of the bar (¢'; = z =
[0.000 — 0.040] m), for ag = 180°.

Based on this last remark, in order to obtain a generalized approach for the tubular
straight bars, from the point of view of the variation in “m”, the authors propose a similar
approach as for the case of the temperature distribution law.

Consequently, is possible to define the relative my [%] curve, which monitors the
remaining percentage of the initial value (for z = 0) of “m,” considered to represent 100%.

Its global 1 [%] variation law (for the whole length of the bar), corresponding to the
nominal temperature tp,, = 500 °C of the heated end, is shown in Figure 23, where three
distinct intervals can be distinguished, i.e., £; € [(0....0.05) - ¢]; £;; € [(0.05....0.10) - ¢],
and ¢jj; € [(010 R .1.00) : f]
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my [%)
100 &
90
80
70 ! ! {
60
50 W i
40
30 + 1 4 +
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0 - 4 } }
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Figure 23. The global relative my [%)] variation along the bar £[%], corresponding to tg, = 500°C,
ie. for: ® ¢; € [(0....0.05) - ¢]; M ¢;; € [(0.05....0.10) - ], & ¢;5; € [(0.10...1.00) - £].

This generalized relative n1y [%] curve is valid for all three a; angular disposition
cases of the bar.

In Figures 24-26, near the effectively-obtained values, the corresponding polynomial
approaches are represented as continuous lines.

y=0.1384x5-2.3635x% + 15.822x*~52.555x*+ 90.533x2-79.429x + 99.895
my (%) R?=0.9985

100 ¢

90 -+ —
76.7 { f

80 729 305 f
: = 687 7.2

] 66.0 649 639 3.1 ¢33

60

50 -
40 -
30 -
20 404

10 -

0 1 2 3 4 5 1 [%]

Figure 24. The relative my [%] vs. £[%] along the first interval, £; € [(0....0.05) - £].
In the first interval, ¢ € [(0....0.05) - £] is a sixth-degree polynomial function:
y = 0.1384x% — 2.3635x° + 15.822x* — 52.555x% + 90.533x> — 79.429x + 99.895,

with R? = 0.9985, which offers suitable curve fitting (Figure 24).
In a similar manner, for the second interval, ¢;; € [(0.05....0.10) - ], the authors
obtained a suitable polynomial approach with a third-degree function:

y = —0.0041x> + 0.1549x% — 2.6623x + 72.253,
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with R? = 1 (Figure 25), and for the third interval, ¢y € [(0.10...1.00) - £]:
y=—3 x 107°x% + 0.0078x> — 0.7015x + 62.754,

with R? = 0.9984 (Figure 26).
We wish to mention the following:

e The greatest gradient is for the first interval /;, where, from 100%, the m [%] will
decrease down to 62.3%;

e  For the second interval, ¢j;, the change was from 62.3% down to 57%, and in the third
interval, ¢jj;, from 57% down to 36.8%;

e  Itshould be mentioned that the third interval represents 90% of the whole bar length ¢,
and consequently, this decrease is very small considering the monitored length of
the bar;

e In a similar manner, for other fp, nominal temperatures, the mentioned calculi of
my [%] can be used, and consequently, it can become possible to obtain the predictable
values for “m” along the bar without difficult analytical calculi.

y=-0.0041x%+ 0.1549x2-2.6623x + 72.253
my (%) Ri=1
100.0 -

90.0
80.0

700 B23-618— 510604595 503 548 $as it S s

- . ; v 7.0
60.0 H__.——.——.—q'__._.—.__'—.

50.0
40.0 -
30.0 1
20.0
10.0 -

0.0
5 6 7 8 9 10 | [%]

Figure 25. The relative my [%] vs. £[%] along the second interval, £;; € [(0.05....0.10) - £].

y == 0.0003x* + 0.0078x*-0.7015x + 62.754
me (%] R?=0.9984
100.0 T

90.0
80.0
700 +
60.0 |
500 -
400

300 +
200
10.0

0.0 B R e e e e
10 20 30 40 50 60 70 80 90 100 | [%]

Figure 26. The relative my [%] vs. £[%] along the third interval, {777 € [(0.10....1.00) - £].
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5. Conclusions

In this study, the authors described a novel approach to the evaluation of the temper-
ature distribution by means of some new parameters, based on the experimentally
obtained temperature distribution laws for some reduced-scale, modelled straight
steel bars;

The experiment involved the use of an original testing bench described in a previous
paper [1];

The tested bars (reduced-scale, modelled steel bars) were fitted with thermocouples:
twenty-four, in the case of the bars with massive cross-sections, and sixteen, for the
square-tubular bars. The thermocouples monitored the temperature distribution along
the bar; one other supplementary thermocouple offered the environment’s temperature
during the experiments;

The analyzed bars had massive circular and square-tubular cross-sections;

The authors demonstrated that both the least-square method and the curve-fitting
method offer more accurate approaches with respect to the experimental data than the
theoretical law (so-called “exponential”) described by Equation (2);

By means of the proposed relative ty [%], thermal distribution curves were obtained
(for a given nominal tg , temperature of the heated end) with a generalized distribu-
tion law along the bar, where ty [%] represents the remaining percentage of the tp ,
(considered to be 100%);

These ty [%] curves have a particular shape for each type and dimension of the cross-
section, and for shape factor { too;

By introducing the compared temperature loss, Aty = 100 — ty [%], the authors ob-
tained a clearer image of the temperature reduction phenomenon;

One other proposed parameter was ¢ = ¢ - £ [—], a dimensionless product of the { {%]

shape factor and the bar’s ¢ [m] length, also a useful element in thermal analysis of the
straight bars;

Starting from the theoretical relation for m’s calculus, we plotted “m” vs. the bar’s
length /, taking into account different tp, nominal temperatures and a¢ angular
positioning of the bar;

A thorough examination of the obtained curves for the square-tubular cross-sectional
bars made it possible to distinguish three different intervals, having different gradients
of “m” variation, where, by means of the curve-fitting method, different variation laws
were obtained; the first interval presented the greatest gradient;

Based on the obtained curves, for a given nominal temperature tp, and without
respect to the angular positioning of the bar ag, we propose to introduce the relative
ny [%] curve, which monitors the remaining percentage of the initial value (for z = 0)
of “m,” which is considered to represent 100%;

The authors suggest that these new approaches to generating the theoretical results
with the temperature distribution law can be applied successfully in thermal analyses
of 2D and 3D structures, in the first stage on reduced scale models, and then in
real-scale structures, too;

The experiment involved the use of an original testing bench, which is described in
the paper.
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