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Abstract: Nowadays, the real structures (considered as prototypes) subjected to fire are analysed
by means of the behaviours of some reduced scale structures (defined as models). These prototype–
model correlations are governed by the so-called dimensional analysis (DA) methods. These methods,
starting from the Buckingham theorem, offer several dimensionless variables and based on them is the
so-called Model Law (ML), which is able to foresee the predictable prototype’s answer based on the
results of the experimental investigations performed exclusively on the model (usually manufactured
at a reduced scale). Based on the MDA principles, in a previous paper the authors elaborated
the complete ML for the heat transfer in beams with rectangular-hole cross-sections, considering
unprotected as well as thermally protected structural elements. The authors, based on meticulous
experimental investigations, obtained the validation of this ML for the unprotected steel members.
In this contribution, the authors offer in a similar manner the ML validation for intumescent paint-
protected steel members and thus the complete validation of their original ML. In their theoretical
and experimental investigations, the authors involved both a real column’s element combined with
its models manufactured at 1:2 and 1:4, as well as 1:10 scales too. Consequently, the obtained ML can
be considered as generally valid, involving a real structural element and its model manufactured at
the desired scale.

Keywords: Modern Dimensional Analysis; Model Law; steel column; heat transfer; intumescent
paint; multiple experiments

1. Introduction

It is a well-known fact that during a fire all structural elements will reduce their
mechanical properties, which has to be prevented using different heat insulation solu-
tions [1–7]. Between these solutions, one can mention intumescent paint which preserves
the initial structural elements’ suppleness together with its strength. The fire resistance
problem is analysed deeply in several references, such as [8–11], respectively [12–17]. One
other significant issue is the fire modelling [18,19], as well as the introduced thermal flow
accurate evaluation [20–22]. During the last century, based on the model–prototype correla-
tions, new approaches were conceived and introduced such as Geometric Analogy (GA)
and Theory of Similarity (TS), as well as Classical Dimensional Analysis (CDA) (mainly for
the complex processes) [23–34].

Their applicability is strongly limited due to several shortcomings [35–45], analysed in
detail by the authors in [1,46–58]. Even CDA represents a relatively general approach; it also
has several limits, including representing a relatively chaotic procedure in the identification
of the dimensionless variables πj, j = 1, . . . , n, necessary in establishing the desired Model
Law (ML). One other difficulty involves requiring solid theoretical knowledge in both of the
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analysed phenomena, but also in higher mathematics too, which limit its wide application
in common engineering problems. CDA only allows, in very limited and particular cases,
the obtaining of the complete ML and it represents a relatively unyielding method, without
allowing the obtaining of a flexible prototype–model correlation.

On the contrary, its new version, developed by Szirtes in [59,60] and referred to here-
inafter as Modern Dimensional Analysis (MDA), offers a very flexible and efficient approach
which is easy to apply by any common researcher. In their previous contributions, the ad-
vantages of MDA in different engineering areas were analysed and illustrated [1,55–58,61].
One of their major fields of applicability was the heat transfer problem in massive-as well
as tubular cross-sectional steel structural elements [55–58,61–64].

These last-mentioned contributions also offer a critical and comparative analysis of the
aforementioned methods with respect to MDA. Among the main advantages of MDA one
has to mention its unitary approach and its simplicity, as well as its potential for offering
the complete set of ML, which practically is not offered by any of the aforementioned
approaches. From this complete set of ML, one can obtain, without any difficulties, different
particular cases of the analysed phenomenon and so can assign the most suitable model to
the analysed prototype.

2. Materials and Methods

As mentioned before in [64], the authors, based on the deduced ML in [57], performed
a searching experimental investigation in order to validate the obtained ML for the case of
the unprotected (without an intumescent paint layer) steel members.

In the following work, these results will be briefly summarised in order to assure
a continuity of the analysed phenomenon with the actual-presented research results of
the authors.

They conceived, manufactured and tested an original electric testing bench, described
in [1,56,64]. The main components of this testing bench are shown in Figure 1. Figure 2 and
Table 1 offer the main dimensions (sizes) of the tested structural elements.
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pyramid trunk; 3-rigid frame; 4-supporting legs; 5-heat insulation layer; 6-heating elements (Silite 

Figure 1. The original testing bench [1,56,64]: 1-tested structural element; 2-dome in form of pyramid
trunk; 3-rigid frame; 4-supporting legs; 5-heat insulation layer; 6-heating elements (Silite rods);
7-chamotte bricks. The blue arrow shows how the tested element has to be placed on/over the
dome 2.
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Figure 2. The tested structural elements’ sizes [1,56,64].

Table 1. The structural elements’ sizes [1,56,64].

Dimensions,
in m

The Scale of the Tested Element

1:1 1:2 1:4 1:10

a 0.370 0.185 0.108 0.0370

b 0.370 0.185 0.108 0.0370

c 0.006 0.003 0.0015 0.0015

d 0.350 0.175 0.0875 0.0030

e 0.350 0.175 0.0875 0.0030

f 0.016 0.008 0.004 0.0015

g 0.016 0.008 0.004 0.0015

h 0.400 0.200 0.100 0.400

k 0.010 0.005 0.0025 0.0015

m 0.450 0.450 0.450 0.450

n 0.450 0.450 0.450 0.450

In their investigations, the authors started from a real pillar manufactured at scales 1:1;
1:2; 1:4, respectively, and 1:10 for the prototype as well as related models. Consequently,
they obtained 6 sets of prototypes and models, i.e., (1:1–1:2); (1:1–1:4); (1:1–1:10); (1:2–1:4);
(1:2–1:10); and (1:4–1:10), which were initially unprotected with intumescent paint. They
applied the same heating conditions to all of them and monitored all of the involved
parameters. How they will be analysed is explained in the following: if a structural element
plays the role of the prototype, than practically all of its variables are considered to be
independent (they are chosen a priori both for the prototype and for the model). However,
some are to be determined by the ML; these variables are considered to be dependent
ones. Consequently, during the investigations, a part of the data will be considered as data
directly acquired by measurements and others as reference elements for those, which will
be obtained with the ML obtained by applying MDA. The quantities of direct measurements
(on the elements, which were considered as models) were compared with those obtained
with ML (corresponding to the elements taken as prototypes), resulting in a very good
correlation; these prove the ML validity for different/desired scales of the models.

In order to evaluate the thermal insulation performance of the testing bench, one can
mention that at a nominal heating temperature to,nom = 600 ◦C of the tested structural
elements, the maximal temperature around the testing bench was less than (45–50) ◦C.
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The efficiency of the original electronic control and regulation system [62] can also
be evaluated by means of a very quick self-learning behaviour, i.e., after a maximum of
two cycles passing over a to,nom = (500–600) ◦C nominal temperature value, with the
thermal/temperature oscillation not exceeded (5–8) ◦C.

Additionally, for a to,nom = (500–600) ◦C nominal temperature the electric consump-
tion is approx. 25 kW, allowing a general-purpose application of this testing bench, as well
as its use in very modestly equipped laboratories too.

Due to the rigorously identical thermal regimes of all tested elements, i.e., in reach-
ing the same temperatures to,nom(◦C), the scale factor of the temperatures was the same
S∆t =

∆t2
∆t1

= ct = 1, no longer appearing in the ML and resulting in a simplified expression
of them.

The main steps of the experimental investigations were the following:

• the stand mounting, with the adequate thermal insulation;
• the mounting of the tested structural element on the lower plate (mxn);
• checking the functioning of the test bench;
• the checking of the nominal temperature to,nom;
• the checking of the heating regime’s steps;
• starting the test bench and monitoring all heating parameters, such as:

• the consumed electrical energy Eo,total [kWh] the time τo,total [s] corresponding to
the stabilised thermal regime, which was considered when the maximal tempera-
ture oscillation of (0.2–0.3)◦C was observed for a minimum period of (120–180)s
at the upper part of the tested structural element;

• the repeating of these stages for all nominal values of
to,nom = (100, 200, 300, 400, 450, 500)◦C.

Corresponding to a stabilised regime, the heat amount was considered such as:

Qo,total [J] = E0,total × 3.6× 106. (1)

because
1 kWh = 3600 kWs = 3600 kJ = 3.6× 106 J

The total heat losses over the thermal insulation layers are offered by:

Qwaste, total = Qw, total = ∑ [λ · ∆t · ∆τ · (∑
Ak
hk

)]. (2)

where λ( W
m·K = W

m·◦C ) is the thermal insulation layer’s thermal conductivity coefficient,
offered by the manufacturer, depending on the heated site’s temperature t[◦C]:

λ (
W

m · ◦C ) = 0.0002× t (◦C) + 0.03, (3)

∆t (◦C)—temperature difference reached during heating;
∆τ (s)—the corresponding time;
Ak (m2)—the unfolded areas of the k heat-insulating layer applied around the testing

bench, with the thickness hk (m).
Due to the particularity of the heating system’s thermo-regulation, which acts in well-

defined steps instead of a linear law from tB ≡ ti to tD ≡ tn (the broken line in Figure 3),
i.e., a funicular polygon (B ≡ i − j − k − l − m − n ≡ D), the Equations (1) and (2)
will be adapted as follows:

• In Equation (1) for each interval (i − j); (j − k); (k − l); (l − m); (m − n), the corre-
sponding temperature difference [∆tij =

(
tj − ti

)
; ∆tjk =

(
tk − tj

)
; ∆tkl = (tl − tk);

∆tmn = (tn − tm)] will be considered and applied to the ∆τ time intervals correspond-
ing to ∆τij =

(
τj − τi

)
; ∆τjk =

(
τk − τj

)
; ∆τkl = (τl − τk); ∆τlm = (τm − τl); ∆τmn =

(τn − τm) ;
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• With Equation (2), λ will be determined individually for each interval prior, consider-
ing the average temperature related to each interval and the temperature differences
prior, respectively;

• The term ∑ Ak
hk

will be constant; it will multiply the sum of the partial products related
to these intervals.
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Figure 3. The particularity of the heating system’s thermo-regulation [56,64].

The invested heat Qtotal(J) will be the difference of the previous ones, i.e.,

Qtotal [J] = Q0, total −Qw,total . (4)

Additionally, taking into consideration that only 47.22% of the Silite bars’ radiation
will arrive directly to the lower part of the tested structural elements, and will correspond
to the angle (2× 85◦) from the total of 360◦ (Figure 4), one can define the effective invested
heat in the system, i.e.,

Qe f f [J] = Qo,e f f −Qw,total = 0.4722 ·Qo,total −Qw,total . (5)
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One has to mention that the ML was also validated for the case of Equation (5). Based
on the definition of the heat flux

.
Q, one has:

.
Q(

J
s
= W) =

dQ
dτ

=
∆Q
∆τ

. (6)

All of the above-mentioned and defined variables will be obtained by summing the
last values with those previously obtained, e.g., the parameters related to the stabilised
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regime at to,nom = 200 ◦C result from summing the corresponding values of t0,nom = 100 ◦C
with those obtained during the heating of the system in the temperature range (100–200)◦C.

Taking into consideration the aforementioned ML, synthesised in [57] and applied
in [64] for the unprotected steel structural elements, in this contribution the authors per-
formed its validation for the intumescent-paint-protected steel members.

In this sense, one has to summarise some facilities of the MDA:
MDA allows a priori choosing for both prototype and model of the set of variables

(the independent ones), which are directly related to the experimental measurements
(performed only on the model!);

The rest of the variables (the dependent ones) are chosen freely a priori only for the
prototype; in the case of the model, these variables’ magnitude are obtained exclusively
with the elements of ML, based on scrupulous experiments performed on the model;

Only a few numbers of variables for the prototype are excepted, that is those ones
which cannot be easily determined by measurements; these are obtained using the ML, of
course based on rigorous measurements performed on the model;

MDA, based on a suitable choice of independent variable, allows the waiving of
the restrictions of Geometric Analogy (so that the model is geometrically similar to the
prototype); for example, the cross-section of the model may be different in shape from the
prototype, etc., as well as with regards to choosing different materials for the prototype
and the model.

Several other facilities of MDA are synthesised both in Szirtes’ references [59,60], as
well as in the previous ones of the authors [1,55–58,64].

As was mentioned before, the complete set of the ML, where two versions have
practical significance, was obtained in [57], i.e.,

Version I, with (Q, Lz, ∆t, τ, λx steel , ς) as the set of independent variables, where the
following dependent variables were selected from the obtained ML:

S .
Q
=

SQ

Sτ
, (7)

SAtr =
SLz

Sς
. (8)

Version II, with (
.

Q, Lz, ∆t, τ, λx steel , ς) as the set of independent variables, from where
the following were chosen:

SQ = S .
Q
· Sτ , (9)

SAtr =
SLz

Sς
, (10)

where Q(J) is the invested heat;
.

Q(W)—the heat rate; Lz(m)—the beam dimension along
direction z; ∆t(◦C)—the temperature variation; τ(s)—the time; λx steel(

W
◦C·m )—the thermal

conductivity; ς = P
A (

1
m )—the shape factor; P(m)—the perimeter of the cross-section;

A(m2)—the area of the cross-section; and Sω = ω2
ω1

(−)—the scale factor of the variable ω,
with index “1” for the prototype and “2” for the model, respectively.

Useful remarks:

• The quadratic section represents a particular case of the rectangular one, with the same
dimensions and the same scale factors along the z and y cross-sectional coordinates;

• The MDA allows the defining of different thicknesses
(
δz 6= δy

)
as well as different

sizes
(

Lz 6= Ly
)

along the z and y cross-sectional directions, which subsequently will
be defined by the corresponding elements of the ML;

• When the length Lz is considered an independent variable, i.e., freely chosen a priori for

both prototype and model, the corresponding elements of ML
(

Lx, Ly, δy steel , δz steel

)
can be ignored; one is accepted as having the same scale factor of length SL;
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• By selecting the shape factor ς as an independent variable, together with the length Lz,
MDA offers a great opportunity for the model to be freed from the geometric similarity
restriction of the cross-sections for the prototype and the model (e.g., one can accept
different cross-sections, not only rectangular ones, with the single condition having
the foreseen shape factor ς);

• One has to mention that, in both cases, the independent variables are rigorously related
to the actual measurements;

• Only one dependent variable represents an exception, that is the one for which one
has considered having limited access to the prototype (or which will be difficult to
measure) and where one has to be obtained by means of the ML. In the case of Version
I, this dependent variable was considered the heat flow

.
Q, while in the case of Version

II, this is the amount of heat Q.

3. Results

As was mentioned in Sections 2 and 3, all tested structural elements protected with
intumescent paint layers (even when they were considered as a prototype or model), were
monitored for significant data, such as the total consumed electrical energy Eo, total [kW],
the corresponding total invested heat amount Qo,total [J] applying Equation (1) and the
total heat losses over the thermal insulation layers Qw,total [J] using Equation (2), as well as
the corresponding total heat Qtotal [J] as a difference between Qo,total [J] and Qw,total [J], by
applying Equation (4), synthesised in Table 2.

Table 2. Preliminary data.

Tested Structural
Element, All

Painted
∆t [◦C] ς[ 1

my
]

E0, total
KWh Qo, total[J] ∆ttotal

[◦C] ∑ Ak
hk

[m] Qw,total[J] Qtotal[J]

23–100 0.7017543 0.4 1,440,000 77 20.34095 16,958.25002 1,423,041.75
100–200 0.7017543 0.7 2,520,000 100 20.34095 37,242.24536 2,482,757.755
200–300 0.7017543 0.6 2,160,000 100 20.34095 15,238.33319 2,144,761.667
300–400 0.7017543 0.8 2,880,000 100 20.34095 32,726.55446 2,847,273.446
400–450 0.7017543 0.5 1,800,000 50 20.34095 22,656.56375 1,777,343.436

at scale 1:10

450–500 0.7017543 0.5 1,800,000 50 20.34095 12,894.12821 1,787,105.872

at scale
1:4

23–100 0.2619760 0.4 1,440,000 77 20.07323 73,312.41894 1,366,687.581
100–200 0.2619760 1.0 3,600,000 100 20.07323 411,563.842 3,188,436.158
200–300 0.2619760 1.6 5,760,000 100 20.07323 1,016,681.839 4,743,318.161
300–400 0.2619760 1.0 3,600,000 100 20.07323 685,259.6097 2,914,740.39
400–450 0.2619760 0.9 3,240,000 50 20.07323 706,478.8158 2,533,521.184
450–500 0.2619760 2.3 8,280,000 50 20.07323 2,287,112.765 5,992,887.235
23–100 0.1309880 0.6 2,160,000 77 19.17165 35,855.38923 2,124,144.611

100–200 0.1309880 1.3 4,680,000 100 19.17165 329,675.8286 4,350,324.171
200–300 0.1309880 1.0 3,600,000 100 19.17165 277,713.1232 3,322,286.877
300–400 0.1309880 1.6 5,760,000 100 19.17165 823,809.1535 4,936,190.847
400–450 0.1309880 0.7 2,520,000 50 19.17165 368,480.895 2,151,519.105

at scale
1:2

450–500 0.1309880 0.8 2,880,000 50 19.17165 544,542.1814 2,335,457.819

at scale
1:1

23–100 0.0654940 1.3 4,680,000 77 15.55354 34,080.0952 4,645,919.905
100–200 0.0654940 2.9 10,440,000 100 15.55354 426,290.5755 10,013,709.42
200–300 0.0654940 2.2 7,920,000 100 15.55354 343,502.9552 7,576,497.045
300–400 0.0654940 2.0 7,200,000 100 15.55354 330,213.3152 6,869,786.685
400–450 0.0654940 1.2 4,320,000 50 15.55354 242,363.0521 4,077,636.948
450–500 0.0654940 1.4 5,040,000 50 15.55354 515,674.9588 4,524,325.041

In a similar manner, this data evaluation was continued in Table 3, seen in the directly
invested heat amount Qo,e f f = 0.4722 · Qo,total and the corresponding effective invested
heat Qe f f [J] by means of Equation (5), as well as the corresponding heat fluxes by applying
Equation (6) for its particular forms.
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Table 3. Preliminary data.

Tested Structural
Element, All

Painted
∆t [◦C] Qo, eff[J] Qeff[J] ∆τtotal[s]

.
Qw, total[J]

.
Qtotal[W]

.
Qeff[W]

23–100 679,968 663,009.75 2070 8.192391312 687.4597826 320.2945652
100–200 1,189,944 1,152,701.755 2670 13.9484065 929.8718182 431.7235036
200–300 1,019,952 1,004,713.667 1020 14.93954235 2102.707516 985.0133988
300–400 1,359,936 1,327,209.446 1626 20.12703226 1751.09068 816.2419714
400–450 849,960 827,303.4363 960 23.60058724 1851.399413 861.7744128

at scale 1:10

450–500 849,960 837,065.8718 510 25.28260432 3504.12916 1641.305631

at scale 1:4

23–100 679,968 606,655.5811 2220 33.02361213 615.6250365 273.2682798
100–200 1,699,920 1,288,356.158 3720 110.6354414 857.1064941 346.3323005
200–300 2,719,872 1,703,190.161 3180 319.7112702 1491.609484 535.5943901
300–400 1,699,920 1,014,660.39 1320 519.1360679 2208.136659 768.6821139
400–450 1,529,928 823,449.1842 1020 692.62629 2483.844298 807.3031218
450–500 3,909,816 1,622,703.235 2700 847.0788018 2219.587865 601.0011982
23–100 1,019,952 984,096.6108 1260 28.45665812 1685.829056 781.0290562

100–200 2,209,896 1,880,220.171 2520 130.8237415 1726.319116 746.1191156
200–300 1,699,920 1,422,206.877 960 289.2845034 3460.715497 1481.465497
300–400 2,719,872 1,896,062.847 1560 528.0827907 3164.224902 1215.424902
400–450 1,189,944 821,463.105 540 682.3720278 3984.294639 1521.227972

at scale 1:2

450–500 1,359,936 815,393.8186 660 825.0639111 3538.572452 1235.44518

at scale 1:1

23–100 2,209,896 2,175,815.905 1680 20.28577095 2765.428515 1295.128515
100–200 4,929,768 4,503,477.425 3960 107.6491352 2528.714501 1137.241774
200–300 3,739,824 3,396,321.045 1560 220.194202 4856.728875 2177.128875
300–400 3,399,840 3,069,626.685 900 366.9036836 7633.096316 3410.696316
400–450 2,039,904 1,797,540.948 480 504.9230253 8495.076975 3744.876975
450–500 2,379,888 1,864,213.041 840 613.8987605 5386.10124 2219.30124

For the ML validation in these two above-mentioned versions (I and II, respectively),
the authors performed all calculi related to the significant. Considering Version I, with the
independent variables (Q, Lz, ∆t, τ, λx steel , ς), the main dependent variable was considered
to be the heat flux

.
Q, determined by means of the ML for the prototype (based on the

measurements made on the model).
In a similar manner, for the second version, with the independent variables

(
.

Q, Lz, ∆t, τ, λx steel , ς), the heat amount Q remains as the main dependent variable for
the prototype.

In the described experimental investigations, all variables were determined using
direct measuring/measurements. The real problem consisted of finding the aforementioned
dependent variables through the ML for the analysed two versions in order to validate
the ML.

In order to perform a rigorous analysis, the following prototype–model sets were considered:

• Prototype (structural element manufactured at 1:1 scale)—model (structural element
at 1:2 scale), symbolised by (1:2/1:1) Model/Prototype;

• (1:4/1:2) Model/Prototype;
• (1:4/1:1) Model/Prototype;
• (1:2/1:10) Model/Prototype;
• (1:4/1:10) Model/Prototype;
• (1:4/1:10) Model/Prototype.

Based on the above-mentioned sets, each structural element has a well-defined role
(either prototype or model). Consequently, a part of the measurement data was considered
as data acquired directly through measurements, and others were taken as reference values
for those that should be obtained through ML.

In Tables 4 and 5 the obtained results for Version I are summarised, respectively, and
in Tables 6 and 7 there are those corresponding to Version II.
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Table 4. Version I. Values obtained using direct measurements.

Measured Values

Model/Prototype
(All Protected with
Intumescent Paint)

Tmin-Tmax
∆t [◦C] Sς [−] S∆τtotal [−] SQtotal

[−] SQeff
[−]

23–100 2 0.75 0.457206464 0.452288545
100–200 2 0.636364 0.434436829 0.417504074

1:2/1.0 200–300 2 0.615385 0.438499066 0.418749246
300–400 2 1.733333 0.718536262 0.617685159
400–450 2 1.125 0.527638711 0.456992708
450–500 2 0.785714 1.026875802 0.437393045
23–100 2 1.761905 0.643406091 0.616459374

100–200 2 1.47619 0.732919211 0.685215581

200–300 2 3.3125 1.427726845 1.197568503

1:4/1:2 300–400 2 0.846154 0.590483731 0.535140695

400–450 2 1.888889 1.177549936 1.002417734

450–500 2 4.090909 2.566043877 1.990085279
23–100 4 1.321429 0.294169424 0.278817514

100–200 4 0.939394 0.318407098 0.286080297
1:4/1.0 200–300 4 2.038462 0.626056888 0.501480908

300–400 4 1.466667 0.424283973 0.330548465
400–450 4 2.125 0.621320931 0.458097595
450–500 4 3.214286 1.324592548 0.87044946
23–100 10.71479 1.232143 0.306299243 0.304717761

100–200 10.71479 0.674242 0.24793587 0.255958151

1:10/1.0 200–300 10.71479 0.653846 0.283080909 0.295824115

300–400 10.71479 1.806667 0.414463152 0.432368357

400–450 10.71479 2 0.435875842 0.460241775

450–500 10.71479 0.607143 0.394999443 0.449018354
23–100 5.357394 1.642857 0.669936379 0.673724249

100–200 5.357394 1.059524 0.570706379 0.613067433
1:10/1:2 200–300 5.357394 1.0625 0.645567871 0.706446919

300–400 5.357394 1.042308 0.576815916 0.69998178
400–450 5.357394 1.777778 0.826087685 1.00710967
450–500 5.357394 0.772727 0.765205801 1.026578633
23–100 2.678697 0.932432 1.041234127 1.092893185

100–200 2.678697 0.717742 0.778675699 0.894707374

1:10/1:4 200–300 2.678697 0.320755 0.452164834 0.589901052

300–400 2.678697 1.231818 0.976853189 1.308033169

400–450 2.678697 0.941176 0.701530916 1.004680619

450–500 2.678697 0.188889 0.298204488 0.515846554
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Table 5. Version I. The obtained values using computing.

Values Considered to Be
Reference Ones Values Obtained with the ML

Model/Prototype
(All Protected with
Intumescent Paint)

Tmin-Tmax
∆t [◦C] SAtr [−] S .

Qtotal
[−] S .

Qeff
[−] S .

Qtotal
[−] S .

Qeff
[−] SAtr [−]

23–100 0.25 0.609609 0.603051 0.609609 0.603051 0.25
100–200 0.25 0.682686 0.656078 0.682686 0.656078 0.25

1:2/1.0 200–300 0.25 0.712561 0.680468 0.712561 0.680468 0.25
300–400 0.25 0.41454 0.356357 0.41454 0.356357 0.25
400–450 0.25 0.469012 0.406216 0.469012 0.406216 0.25
450–500 0.25 0.656982 0.556682 1.306933 0.556682 0.25
23–100 0.25 0.365176 0.349882 0.365176 0.349882 0.25

100–200 0.25 0.496494 0.464178 0.496494 0.464178 0.25

200–300 0.25 0.431012 0.36153 0.431012 0.36153 0.25

1:4/1:2 300–400 0.25 0.697844 0.632439 0.697844 0.632439 0.25

400–450 0.25 0.623409 0.530692 0.623409 0.530692 0.25

450–500 0.25 0.627255 0.486465 0.627255 0.486465 0.25
23–100 0.0625 0.222615 0.210997 0.222615 0.210997 0.0625
100–200 0.0625 0.338949 0.304537 0.338949 0.304537 0.0625

1:4/1.0 200–300 0.0625 0.307122 0.24601 0.307122 0.24601 0.0625
300–400 0.0625 0.289285 0.225374 0.289285 0.225374 0.0625
400–450 0.0625 0.292386 0.215575 0.292386 0.215575 0.0625
450–500 0.0625 0.412095 0.270806 0.412095 0.270806 0.0625
23–100 0.008 0.248591 0.247307 0.248591 0.247307 0.008

100–200 0.008 0.367725 0.379623 0.367725 0.379623 0.008

1:10/1.0 200–300 0.008 0.432947 0.452437 0.432947 0.452437 0.008

300–400 0.008 0.229408 0.239318 0.229408 0.239318 0.008

400–450 0.008 0.217938 0.230121 0.217938 0.230121 0.008

450–500 0.008 0.650587 0.73956 0.650587 0.73956 0.008
23–100 0.03199 0.407787 0.410093 0.407787 0.410093 0.0399
100–200 0.03199 0.538644 0.578625 0.538644 0.578625 0.0319

1:10/1:2 200–300 0.03199 0.607593 0.664891 0.607593 0.664891 0.0319
300–400 0.03199 0.553403 0.671569 0.553403 0.671569 0.0319
400–450 0.03199 0.464674 0.566499 0.464674 0.566499 0.0319
450–500 0.03199 0.990266 1.328514 0.990266 1.328514 0.0319
23–100 0.12799 1.116686 1.172088 1.116686 1.172088 0.1279

100–200 0.12799 1.084896 1.246559 1.084896 1.246559 0.1279

1:10/1:4 200–300 0.12799 1.40969 1.839103 1.40969 1.839103 0.1279

300–400 0.12799 0.793017 1.061872 0.793017 1.061872 0.1279

400–450 0.12799 0.745377 1.067473 0.745377 1.067473 0.1279

450–500 0.12799 1.57873 2.730952 1,57873 2.730952 0.1279
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Table 6. Version II. Values obtained using direct measurements.

Measured Values

Model/Prototype
(All Protected with
Intumescent Paint)

Tmin-Tmax
∆t [◦C] Sς [−] S∆τtotal [−] S .

Qtotal
[−] S .

Qeff
[−]

23–100 2 0.75 0.609609 0.603051
100–200 2 0.636364 0.682686 0.656078

1:2/1.0 200–300 2 0.615385 0.712561 0.680468
300–400 2 1.733333 0.41454 0.356357
400–450 2 1.125 0.469012 0.406216
450–500 2 0.785714 0.656982 0.556682
23–100 2 1.761905 0.365176 0.349882

100–200 2 1.47619 0.496494 0.464178

200–300 2 3.3125 0.431012 0.36153

1:4/1:2 300–400 2 0.846154 0.697844 0.632439

400–450 2 1.888889 0.623409 0.530692

450–500 2 4.090909 0.627255 0.486465
23–100 4 1.321429 0.222615 0.210997

100–200 4 0.939394 0.338949 0.304537
1:4/1.0 200–300 4 2.038462 0.307122 0.24601

300–400 4 1.466667 0.289285 0.225374
400–450 4 2.125 0.292386 0.215575
450–500 4 3.214286 0.412095 0.270806
23–100 10.71479 1.232143 0.248591 0.247307

100–200 10.71479 0.674242 0.367725 0.379623

1:10/1.0 200–300 10.71479 0.653846 0.432947 0.452437

300–400 10.71479 1.806667 0.229408 0.239318

400–450 10.71479 2 0.217938 0.230121

450–500 10.71479 0.607143 0.650587 0.73956
23–100 5.357394 1.642857 0.407787 0.410093

100–200 5.357394 1.059524 0.538644 0.578625
1:10/1:2 200–300 5.357394 1.0625 0.607593 0.664891

300–400 5.357394 1.042308 0.553403 0.671569
400–450 5.357394 1.777778 0.464674 0.566499
450–500 5.357394 0.772727 0.990266 1.328514
23–100 2.678697 0.932432 1.116686 1.172088

100–200 2.678697 0.717742 1.084896 1.246559

1:10/1:4 200–300 2.678697 0.320755 1.40969 1.839103

300–400 2.678697 1.231818 0.793017 1.061872

400–450 2.678697 0.941176 0.745377 1.067473

450–500 2.678697 0.188889 1.57873 2.730952
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Table 7. Version II. The obtained values using computing.

Model/Prototype
(All Protected with
Intumescent Paint)

Values Considered to Be
Reference Ones Values Obtained with the ML

SAtr [−] SQtotal
[−] SQeff

[−] SQtotal
[−] SQeff

[−] SAtr [−]
0.25 0.457206 0.452289 0.457206 0.452289 0.25
0.25 0.434437 0.417504 0.434437 0.417504 0.25

1:2/1.0 0.25 0.438499 0.418749 0.438499 0.418749 0.25
0.25 0.718536 0.617685 0.718536 0.617685 0.25
0.25 0.527639 0.456993 0.527639 0.456993 0.25
0.25 0.5162 0.437393 0.5162 0.437393 0.25
0.25 0.643406 0.616459 0.643406 0.616459 0.25

0.25 0.732919 0.685216 0.732919 0.685216 0.25

0.25 1.427727 1.197569 1.427727 1.197569 0.25

1:4/1:2 0.25 0.590484 0.535141 0.590484 0.535141 0.25

0.25 1.17755 1.002418 1.17755 1.002418 0.25

0.25 2.566044 1.990085 2.566044 1.990085 0.25
0.0625 0.294169 0.278818 0.294169 0.278818 0.0625
0.0625 0.318407 0.28608 0.318407 0.28608 0.0625

1:4/1.0 0.0625 0.626057 0.501481 0.626057 0.501481 0.0625
0.0625 0.424284 0.330548 0.424284 0.330548 0.0625
0.0625 0.621321 0.458098 0.621321 0.458098 0.0625
0.0625 1.324593 0.870449 1.324593 0.870449 0.0625
0.008 0.306299 0.304718 0.306299 0.304718 0.008

0.008 0.247936 0.255958 0.247936 0.255958 0.008

1:10/1.0 0.008 0.283081 0.295824 0.283081 0.295824 0.008

0.008 0.414463 0.432368 0.414463 0.432368 0.008

0.008 0.435876 0.460242 0.435876 0.460242 0.008

0.008 0.394999 0.449018 0.394999 0.449018 0.008
0.031999 0.669936 0.673724 0.669936 0.673724 0.031998
0.031999 0.570706 0.613067 0.570706 0.613067 0.031999

1:10/1:2 0.031999 0.645568 0.706447 0.645568 0.706447 0.031999
0.031999 0.576816 0.699982 0.576816 0.699982 0.031999
0.031999 0.826088 1.00711 0.826088 1.00711 0.031999
0.031999 0.765206 1.026579 0.765206 1.026579 0.031999
0.127994 1.041234 1.092893 1.041234 1.092893 0.127994

0.127994 0.778676 0.894707 0.778676 0.894707 0.127994

1:10/1:4 0.127994 0.452165 0.589901 0.452165 0.589901 0.127994

0.127994 0.976853 1.308033 0.976853 1.308033 0.127994

0.127994 0.701531 1.004681 0.701531 1.004681 0.127994

0.127994 0.298204 0.515847 0.298204 0.515847 0.127994

One has to mention that for the amount of heat Q, the two cases presented before were
considered, namely Qtotal [J] and Qe f f [J], respectively, and correspondingly the heat flows

were
.

Qtotal [W] and
.

Qe f f [W], respectively.
The following values were obtained in a similar manner for Version II:
One can observe that the ML offers the same magnitudes for all involved variables

and consequently these MLs will be very suitable for experimental simulations of complex
structures, such as industrial halls with compartments, respective different kinds of floors,
structures with one or multiple fire foci located on the structure, or as desired. One other
significant aspect consists of the fact that the collected data measured on the models, i.e.,
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their responses to the action of the fires, will serve by means of the obtained and validated
ML to optimise real structures subjected to fires.

4. Discussion and Conclusions

The influence of the existence of the intumescent layer on the heat exchange, as well
as on the effective heating of the structural elements, represented a shield in front of the
heat flow produced by the fire. This thermoprotective layer prevents the transfer of heat
between the structural element and the surrounding environment, ensuring that it heats up
more slowly and thus preserves its original load-bearing capacity for a longer time during
the fire. The authors’ previous investigations [62] were able to demonstrate an important
thing regarding the influence of the actual heat exchange on the direction of the heat flow
introduced into the system (i.e., the way of heating the structural element being tested).
This is a curious thing at first glance, but it was true; it was also demonstrated that the size
of the heat transfer coefficient will have practically the same value (showing differences
only to the fourth decimal place!) regardless of the direction of the introduction of the
heat flow into the system. Consequently, regardless of whether the pole is heated from the
outside, as it is in the case of a real fire, or from the inside, as was the case with the help of
this original electric stand by the authors [62], the size of the heat transfer coefficients, so
finally the heat exchanges, will have identical values.

This fact, demonstrated on the basis of some precision measurements taken by the
authors, allowed them to design an original electric stand [62,63], based on the heat flow
directed in the opposite direction (from the inside to the outside), which was used in all
subsequent investigations.

It should be emphasised that this method of heating, as well as the stand itself, bring
significant improvements to the fire tests of the structural elements. Currently, special
voluminous chambers heated with gas are used, meaning a rather difficult control of the
evaluation and reproducibility of the thermal flow introduced into the system (therefore, in
the tested structural element), but also much more rigorous conditions for the prevention
of fires during their operation. The authors replaced this type of testing with much cheaper
electrical stands, with a modern electronic control, which are safer in operation (without
the danger of fires during the tests), and also ensure rigorous and reproducible control of
the heating of the elements being tested [1,56,62,64–67].

Since we are talking about the use of heat flow in the opposite direction to that of fires,
the structural element covered with the intumescent layer, under the same amount of heat
introduced, will heat up faster and will reach higher temperatures. These effects can be
observed if comparisons are made of the experimental data of thermally protected structural
elements (covered with an intumescent layer) with those not thermally protected [1,56,62,64].

Based on the obtained results one can formulate the following:

1. The deduced MLs by the authors in the work [57], for two experimentally significant
versions I and II, were validated by rigorous experimental investigations on multiple
sets of prototypes and models;

2. One can see the facilities of MDA in evidence, for instance regarding the ML simplifi-
cation, starting from the general case up to different particular ones [56–58,64];

3. It is also worth highlighting those simplifications related to ignoring several scale
factors, involved in the following:

i. existing implicit correlations (having the same material for the prototype and
the model; having identical environmental and deployment conditions for
both of them);

ii. existing over-definition of the parameters (e.g., accepting the same scale of
all lengths);

4. The variables of the different thicknesses (δy steel , δz steel) can help conceive various suit-
able models, e.g., with different wall thicknesses along (y, z) without any restriction
on the geometric similarity of the prototype and model cross-sections;
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5. The simultaneous inclusion of both length (Lz) and shape factor (ς) in the indepen-
dent variables ensures a wide generalisation of the associated model to the analysed
prototype; in this case, this meant no restrictions of geometric similarity and, addi-
tionally, one can accept models having other shapes of the cross-section, imposing
only the same scale factor for (ς);

6. If (λx steel) is accepted as the independent variable, then another material can be
chosen for the model with respect to the prototype and consequently both the manu-
facturing as well as the testing cost can be reduced;

7. By means of (Q) or
( .

Q
)

as an independent variable, one can choose a very convenient
thermal stress strategy of the model with respect to the prototype;

8. If (∆t) is selected as an independent variable, the thermal regime can be optimised
from the point of view of loading the model in relation to the prototype. By means of
the exposure time (τ) as an independent variable, one can obtain some supplemen-
tary benefits in order to more efficiently follow the thermal transfer to the analysed
structure on fire;

9. In the authors’ opinion, based on their multiple experiences in different fields of
engineering, MDA can become a useful tool for common researchers in this field of
thermal transfer phenomena and, last but not least, in the analysis of the complex
phenomenon of fires in metal resistance structures. The obtained ML for straight
bars can be extended to structural elements formed by straight bars, having the
same cross-sections, which are obviously found in all civil and industrial structures.
Consequently, these MLs will become useful tools in fire simulations as well as fire
prevention research;

10. Taking into consideration the identity of the directly measured data with those ob-
tained by MLs in Tables 5–8, it becomes possible to conceive high-accuracy, repetitive
and very efficient thermal loading strategies for new, untested structural elements,
which also represent a great/major advantage of MDA.

The authors’ further goal consists of enlarging their use in buildings’ fire protection
optimisation.
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