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Abstract: Different systems of fire protection coatings are used to protect the metal structures of
stories and trestles at oil and gas facilities from low (when filling cryogenic liquids) and high temper-
atures (in case of the possible development of a hydrocarbon fire regime). This paper presents the
results of experiments of fireproof coatings on an epoxy binder after the simulation of a liquefied
hydrocarbons spill and subsequent development of a hydrocarbon fire regime at the object of protec-
tion and exposure of structures to a standard fire regime. According to the experimental results, the
temperatures on the samples at the end of the cryogenic exposure were determined and the time from
the beginning of the thermal exposure to the limit state of the samples at a hydrocarbon and standard
temperature fire regime was determined. As a result, temperature-time curves in the hydrocarbon
and standard fire regimes were obtained, showing good convergence with the simulation results.
The solution of the inverse task of heat conduction using finite element modeling made it possible to
determine the thermophysical properties of the formed foam coke at the end of the fire tests of steel
structures with intumescent coatings. It was determined that an average of 12 mm of intumescent
coating thickness is required to achieve a fire protection efficiency of 120 min and for the expected
impact of the hydrocarbon fire regime, the coating consumption should be increased by 1.5-2 times
compared to the coating consumption for the standard regime.

Keywords: oil and gas facility; steel structure; fire resistance limit; fire protection; hydrocarbon and
standard fire regimes; intumescent coating; epoxy coating; cryogenic exposure

1. Introduction

Safety problems in the industrial sphere are relevant all over the world. Oil and
gas facilities characterized by the presence of large quantities of explosive substances and
materials, process equipment and pipelines and significant horizontal and vertical distances
are high-risk production facilities. Uncontrolled development of accident scenarios at oil
and gas facilities involving explosions and fires may result in significant damage and loss
of life. Risk assessment is one of the required components of safety assurance, which is
conducted to identify individual hazards and assess their impact on the possible damage
that may be caused to the population and the environment [1,2].

The development and improvement of fire risk assessment methodology for sub-
stances used at oil and gas facilities allow for predicting the consequences of fires and
explosions and provide the necessary fire protection measures more accurately [3,4]. In [5],
a refinery fire risk assessment using a multi-stage early warning and fire mitigation system
was conducted; monitoring methods for the efficient and safe operation of the refinery
such as control, forecasting and strategic planning with advance warning were proposed.
In [6], an assessment of fire, explosion and the dispersion of toxic gas was conducted on
the example of an onshore station to determine the effectiveness of the design protection
systems. In [7], the fire safety of oil and gas pipelines and power lines was assessed, and
the hazard level of each object was determined.
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Steel, as a material for building structures at oil and gas facilities, is widely used in
construction due to its ductility and high strength properties, as well as ease of installation
and stability [8]. However, the high thermal conductivity and low specific heat capacity of
steel combined with a low flexibility led to a rapid temperature increase in steel elements
after fire exposure. Steel structures at oil and gas facilities during an accident are subjected
to a high-temperature impact and overpressure according to the hydrocarbon regime,
where the temperature reaches more than 1000 °C in the first minutes of the fire [9]. The
strength of an unprotected steel structure decreases significantly in the 400-600 °C range,
and the structure loses stability almost immediately when loaded. In this regard, oil and
gas facilities should use structures capable of withstanding high-temperature effects, i.e.,
protected by fire protection means [10].

There are three main methods of fire protection of steel structures: intumescent coat-
ings, plaster compositions or structural fire protection of structures [11-13]. Figure 1
presents a scheme of the means and methods of fire protection of steel structures [10].

Fire protection of
supporting steel structures

Plaster compositions Structural fire protection

Boards based on
cement, gypsum and
other mineral binders,
foam glass etc.

Intumescent coatings

1,

thick-1 Flexible fire
protection (casings,

nets, covers)

Mineral wool boards
based on basalt,
ceramics and silica

Compositions based on
Portland cement and
other binders

(usually two-component) on epoxy,
polyurethane foam and silicone film
formers

Figure 1. Main means and methods of fire protection of steel structures.

Structural fire protection is often applied in harsh climatic conditions. For example, in [10],
experiments concerning steel structures with structural fire protection using basalt superfine
fibers as an example in the Arctic region were demonstrated; an assessment of various fire
protection means was conducted, the results of which showed that the most effective coatings
for severe Arctic conditions are materials containing basalt superfine fibers based on basalt
superfine fibers. In [14], research on structural curved fire protection to increase the fire
resistance limit of building structures used at oil and gas facilities was presented.

The second method of fire protection of metal structures includes plaster compositions
with a thickness of 10-60 mm, used in dry rooms (at a relative air humidity of less than
65%), applied on a steel grid and used to increase the fire resistance limit of metal structures
up to 2 and more hours. In [15], experiments concerning clay and lime plaster compositions
with a high density applied to wooden structures were demonstrated to determine their
thermophysical properties under standard temperature conditions. Experimental studies
are confirmed by numerical simulation, and the low fire protection efficiency of clay and
lime plaster was shown. In [16], experimental studies of the properties of perlite plaster,
gypsum fire-retardant boards and blowing coatings for steel elements in a real fire with
heating and subsequent cooling rates of 10 K/min and 20 K/min were presented; the
specific heat capacity and thermal conductivity of the selected fire-retardant materials
were investigated. In [17], steel I-beam sections with a plaster fire-retardant coating were
tested under hydrocarbon fire regime conditions with a fire protection efficiency of 120 min;
temperature dependencies throughout the fire test were obtained.

The third method of fire protection includes intumescent coatings, which occupy a
huge share as passive fire protection for structures worldwide [18]. Intumescent coating
is a reactive chemical material that is used as the main fire protection material for steel
structures. When the blowing coating is exposed to fire and heated above a critical temper-
ature, the decomposition products of the main components of the blowing coating react
with each other and release gases, which allows the coating to swell and form a lightweight
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flame-retardant foam coke that protects the steel structure from the action of heat flux or
flame [19,20].

Intumescent coatings are divided into solvent-free, solvent-based and water-based
coatings [21]. Water-based coatings are mainly used for interior applications due to their
vulnerability to moisture, while solvent-based coatings are less susceptible to water absorp-
tion and are used for exterior applications. Both types often use vinyl acetates or acrylics as
binders. Solvent-free coatings with 100% dry residue are two- or three-component chemi-
cally cured coatings, which include intumescent coatings that are designed for high-risk
applications such as petrochemical plants and offshore oil drilling platforms. Intumescent
systems are usually two-component systems: the resin is mixed with a hardener and im-
mediately applied to the steel structure. Due to the epoxy resin, the coatings dry quickly
after application and are characterized by resistance to chemical and climatic influences,
excellent adhesion, high repairability and have the highest possible fire resistance of struc-
tures among coatings [22]. For these reasons, intumescent coatings meet the high safety
requirements for oil and gas construction (Figure 2).

Figure 2. Steel structures with intumescent fire-retardant coating on trestles of oil and gas terminal in
Vysotsk, Russia. Photo by the authors.

Also, intumescent compositions have been confirming their durability and reliability
under various fire regimes in marine conditions for many years [23]. In [24], a method-
ology for evaluating the fire protection effectiveness of intumescent coatings for steel
structures exposed to high-temperature gas flows was developed and an experimental
evaluation of the fire protection effectiveness of various intumescent coatings was con-
ducted; a significant decrease in the fire protection effectiveness was shown when exposed
to a high-temperature gas flow that promotes the development of a hydrocarbon fire
regime. In [25], the compatibility of the intumescent coating and thermal properties of
the coating using thermal insulation characteristics and thermogravimetric analysis was
presented; the influence of the primer type and topcoat of the intumescent composition
on the performance of the coating system was established. The study of [26] aimed to
evaluate the durability of foam-coated intumescent coatings on steel panels during fire
exposure under a hydrocarbon fire regime using the monitoring of the physical integrity,
mechanical stability and thermal insulation capacity. In [27], two intumescent compositions
were investigated to understand the potential failure mechanism of the primer. The analysis
was conducted using a gas test furnace, a specially designed electrically heated furnace
and thermogravimetric analysis. In [28], silicone-based intumescent coatings containing
expandable graphite were developed and studied, and good physical fire-retardant proper-
ties were obtained under both standard and hydrocarbon fire regimes; a two-dimensional
numerical model of intumescent coating behavior during fire was developed. In [29], it is
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stated that blowing coatings are one of the effective means of the passive fire protection of
steel structures in high-risk conditions at oil and gas facilities and offshore platforms.

In accidents at oil and gas facilities, intumescent fire protection shows its effectiveness.
For example, the authors cite, in Figure 3, photos from a real fire at a large oil refinery
in Russia, where steel structures were protected with intumescent coating. The foam
core coating was preserved on the surface of the structure and the steel structure did not
collapse and remained stable. It should be noted that the thickness of the charred blowing
layer (foam coke) is small and is not more than 50 mm, which corresponds to the optimal
thickness of foam coke for blowing compositions [18,30].

Figure 3. Steel structures with intumescent fire protection with foam coke formed after a fire in a
production plant.

Fire-retardant intumescent coatings are two-component compositions of a polymer
composition based on epoxy resin with mineral and target fillers and polyamide hardener,
which is a homogeneous viscous liquid [19,31]. Functional fillers are a trade secret of
manufacturers; however, as a rule, the flame-retardant composition includes epoxy resin
(uncured dianic resin, for example, DER-331 or ED-20 grades), constituting 20.0-37.0%
of the coating weight, then an exemplary composition of the following ingredients: am-
monium polyphosphate, melamine, titanium whitewash, antimony oxides, aluminum
hydroxide and graphite. Carbon nanotubes and glass spheres are also used as additives to
reduce the fire hazard of coatings [18]. In standard tests, intumescent coatings emit quite
caustic smoke, unlike acrylic soluble compositions, and transform into a dense and rigid
foam coke, which allows them to provide high fire resistance in structures [27]. In the case
of flame-retardant intumescent coatings, the components must be carefully selected. Then,
it is necessary to ensure the processability of the material to make it finely dispersed and
homogeneous by grinding in bead mills. The choice of components of the composition
is important, for example, in the task of obtaining quality foam coke: rigid, with good
adhesion, with closed cells and high-density foam coke, because even if all the tasks are met,
the foam coke is formed, the coating has adhesion and in general, the required physical and
mechanical characteristics are satisfactory, then, during testing, the foam coke may behave
unpredictably and be formed in a chaotic order, in connection with which, the fire protec-
tion effectiveness will be low. Figure 4 shows photographs from an experimental study of
an intumescent-coated steel column where the proportion of ammonium polyphosphate
was greater than 25% and there was no reinforcing mesh used to contain and uniformly
develop the foam coke.
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Figure 4. Fire-retardant intumescent coating without reinforcing mesh at 25 min of fire exposure.

The technology of applying a fire-retardant coating to the surface of metal structures
also affects the fire protection efficiency of the coating and the fire resistance limits of the
structure. In general, it is assumed that the fireproofing composition is applied layer by
layer and evenly over the entire surface of the protected structure with an intermediate
drying procedure (lasting at least 4 h at ambient temperature +20 °C), conducted before the
application of each additional (starting from the second) layer; if the design thickness of
the fireproofing coating is 6 mm or more, on the treated surface of all external corners (ribs)
of the structure, a reinforcing glass mesh is laid over the uncured layer of the fireproofing
composition (Figure 5) [32].

b) o

Figure 5. The process of layer-by-layer application of intumescent fire-retardant coatings: (a) FireTex;
(b) Chartek on the surface of metal structures using reinforcing mesh. Photo by the authors.

Numerical simulation is used to predict the fire behavior of building structures and
to obtain temperature distributions [33-36]. For the simulation of the thermophysical
processes of steel structures, the authors used the software package (SP) QuickField 6.6 [37];
the possibility of the numerical simulation of the fire resistance of building structures
has been repeatedly confirmed by the authors of scientific papers. For example, in [34],
temperature fields under the fire exposure of modern windows and elements of facade
glazing were considered; it is shown that SP Elcut (QuickField 6.6) allows for predicting the
behavior of building structures at an elevated temperature and displays the temperature
distributions and stress fields. In [36], the simulation of the heating of structures of offshore
stationary platforms was presented, which showed good correlation with the experimental
results; the consumption of mineral boards for the bulkhead structure was predicted and
the parameters of the thermal conductivity and heat capacity of the applied fire protection
in the temperature range from 0 to 1000 °C were specified. In [35], the results of large-
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scale fire tests of lightweight thin-walled steel structures for fire protection performance
were presented. In [38], the simulation of the heating of steel structures with intumescent
coating was presented to predict the behavior of the structure with applied fire-retardant
composition and further experimental study.

The problem with the simulation of structural elements with blowing paint is the non-
uniform transition during heating from intumescent coating to foam coke formation [38,39].
It is assumed that the foam coke is uniformly distributed over the column in time. This
approach is not analogous to the behavior of plaster compositions when the simulation is
divided into three parts: before, during and after the phase transition of water to vapor
(evaporation), which takes place on the heating curve at about 100 °C, with the duration
of this phase in time depending on the moisture content of the material [40]. Foam coke
formation generally occurs from the 3rd minute of fire exposure and is completed in an
average of 15-20 min. After the formation of stable carbon foam, the foam coke can be
taken as a cellular structural element enveloping the building structure with a thickness of
30—40 mm (average thickness of foam coke for intumescent coatings) [18]. Figure 6 shows
the increase in the foam coke during the experimental study in the mulffle furnace.

Figure 6. Foam coke formation during the experiment in a muffle furnace [18].

Directly, the requirements of the fire protection efficiency of intumescent coatings and
for ensuring the required fire resistance limits of structures at the facility (platforms, trestles)
at the oil and gas complex are established in the design documentation for the facility. One
of the important regulatory documents for this aspect of the reliability of structures is
API 2218 [41], which establishes requirements not only for determining the fire protection
effectiveness of fire protection products under a hydrocarbon fire regime, but also under
cryogenic exposure, which simulates spills of liquefied hydrocarbons. As a rule, the limits
of the fire resistance of structures are set by the load-bearing capacity for structures of 45,
60, 90 and 120 min. In Russia, SP 4.13130 [42] has been developed for these purposes, but
there are no instructions for testing in a hydrocarbon regime, only in a standard regime,
and there are no requirements for cryogenic effects. However, foreign designers of oil
and gas chemical production facilities require fire protection products to confirm high
parameters of fire protection effectiveness at 90 and 120 min in the hydrocarbon regime of
fire, as well as the results of tests under cryogenic exposure. Thus, Russian manufacturers
of fire protection materials test their materials haphazardly, voluntarily, according to their
own methods and on different structures according to the requirements of the project at a
particular facility at the oil and gas complex [10].

This paper presents studies of globally widely used intumescent coatings from
six well-known manufacturers, which are on the supplier lists of major oil and gas com-
panies. Several coatings were tested under standard fire regimes only, and some coatings were
dipped in liquid nitrogen (cryogenic exposure) before exposure to a standard fire regime.

The purpose of this paper is to obtain averaged values of the thermophysical charac-
teristics of intumescent compositions by solving the task of inverse thermal conductivity
to predict their flame-retardant effectiveness under fire exposure under both hydrocarbon
and standard regimes. To achieve this purpose, a comparative analysis of the experimental
data of the most common intumescent compositions used on steel structures at oil and gas
complex facilities as fire protection has been conducted; models of the heating of sections
of structures with fire protection have been created and the thermophysical characteristics
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in a wide temperature range have been obtained. In the simulation of the structures, the
dry layer thickness was used as the thickness of the fire protection in the first stage, and the
average thickness of the formed foam coke (40 mm) was used for the second stage, with no
intermediate iterations. It is also shown that to ensure the fire resistance of the structure
under the hydrocarbon regime, it is necessary to double, on average, the consumption of
the coating that was tested under the standard regime.

2. Materials and Methods

Experimental studies of intumescent compositions, “Ograx-SCE” (“Unihimtek”, Rus-
sia), “Inflex FA-21"” (“Morneftegazstroy”, Russia), “Plamkor-5” (Holding “VMP”, Russia),
FIRETEX M-90 (Great Britain), Chartek 1709 (International Protective Coatings, Great
Britain) and “Pregrad-EP” (Russia), were conducted. The following samples were selected
for experimental studies: Sample No. 1.0 (“Ograx-SCE”), Sample No. 2.1-No. 2.8 (“In-
flex FA-21”), Sample No. 3.1-No. 3.3 (“Plamkor-5”), Sample No. 4.0 (FIRETEX M-90),
Sample No. 5.0 (Chartek 1709), Sample No. 6.0 (“Pregrad-EP”). All fire protection sys-
tems consisted of different grades of epoxy compatible primers, fire-retardant paint and
polyurethane-finished coats. A 20 x 20 mm carbon fiber mesh was used on all samples,
except for Sample No. 3,3, where a 50 x 50 mm carbon fiber mesh was used.

The tests of Samples No. 2.1-No. 2.4, No. 2.7, No. 3.1-No. 3.3 and No. 4.0 were
conducted until reaching the time of critical state in the process of fire exposure under
the condition of creating a hydrocarbon temperature regime in the furnace fire chamber
according to EN 1363-2:1999 [43], characterized by dependence (1):

T— Ty = 1080 x (1 —0.325 x 0167t _ 0,675 x e_Z‘St). )

where T means the temperature inside the furnace in °C, corresponding to the relevant
time t; T is the temperature in °C inside the furnace prior to the start of heat impact; ¢ is
the time in minutes from the start of the test.

Samples No. 2.5, No. 2.6 and No. 2.8 were tested according to the standard tempera-
ture regime according to EN 1363-2:1999 [43], characterized by relationship (2):

T — Ty =345 x Ig(8t + 1), @)

During the fire test under hydrocarbon and standard temperature regimes, the metal of
the test samples reached the critical temperature of 500 °C as the limit state [44]. Preparation
of samples for testing, conditions of fire tests, determination of limit states of structures
and evaluation of experimental results are regulated in [45].

Samples No. 1.0, No. 5.0 and No. 6.0 were first exposed to cryogenic exposure, then
removed from the fire furnace and tested under the hydrocarbon fire regime characterized
by Equation (1).

The SP QuickField was used for the simulation of thermophysical processes of the
considered steel structures [37].

2.1. Experiments on Steel Structures

Experimental studies of steel structures with 6 coatings (test samples of 15, as some
coatings were tested on several samples under different conditions) were conducted; the
main parameters of the samples are summarized in Table 1. Samples No. 2.1 and No. 2.2
were identical structures with different thicknesses of applied intumescent coating tested
under hydrocarbon fire regimes. Two identical experiments were conducted to confirm the
obtained results under the condition of creating a hydrocarbon fire regime in the furnace
fire chamber for Samples No. 3.1 and No. 3.2 (20 x 20 mm carbon fiber mesh was used).
For Sample No. 3.3, a carbon fiber mesh with dimensions of 50 x 50 mm was used. Tests of
Samples No. 2.3-No. 2.8 were conducted to determine the difference between standard
and hydrocarbon exposure on steel structures.
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Table 1. Main parameters of samples with intumescent coatings.

Sample Profile Height, mm S(:Icl:;o?l I[{4a6t]1 o Thi?l::::;g,emm Regime
Sample No. 1.0 1100 x 8 mm [47] 2700 134 11.50 hy dfgi’;’r‘b’lf:rif:e;me
Sample No. 2.1 150B2 [48] 1700 172 9.20 hydrocarbon regime
Sample No. 2.2 150B2 1700 172 8.40 hydrocarbon regime
Sample No. 2.3 114B1 1700 172 10.30 hydrocarbon regime
Sample No. 2.4 114B1 1700 172 14.44 hydrocarbon regime
Sample No. 2.5 114B1 1700 172 6.30 standard regime
Sample No. 2.6 114B1 1700 172 8.75 standard regime
Sample No. 2.7 150B2 1700 172 4.13 hydrocarbon regime
Sample No. 2.8 150B2 1700 172 4.00 standard regime
Sample No. 3.1 150B2 1700 172 11.20 hydrocarbon regime
Sample No. 3.2 150B2 1700 172 11.20 hydrocarbon regime
Sample No. 3.3 150B2 1700 172 11.20 hydrocarbon regime
Sample No. 4.0 130K1 2700 159 13.70 hydrocarbon regime
Sample No. 5.0 130K1 2700 159 10.60 hy df;i’;’rglféicrsegime
Sample No. 6.0 @100 x 8 2700 136 20.00 cryogenics +

hydrocarbon regime

Samples No. 1.0, No. 5.0 and No. 6.0 were tested under the hydrocarbon fire regime
after a 10 min cryogenic exposure (immersion of the sample in liquid nitrogen at —196 °C).
The level of liquid nitrogen was maintained at 800 mm from the bottom of the reservoir,
with the samples immersed in the liquid nitrogen at 750 mm. The level of liquid nitrogen
was monitored using a thermocouple installed at a height of 800 mm from the bottom of
the reservoir with refrigerant (Figure 7). The limit state under cryogenic exposure was
taken as reaching the temperature of —60 °C in the metal of the sample.

J I— cap plate with insulation
for lifting the structure

ESH =]
steel vessel

A-A

liguid nitrogen level : : 2 : (tocation of thermocouples)

o _X thermocouples on the surface

7c5 of the steel profile (6 total)
X T3

g

5| § Al T3 {A

n S p—

S g X
7ct TC4
X insutation

-

50 mm

Figure 7. Installation of Samples No. 1.0, No. 5.0 and No. 6.0 for cryogenic experimentation.
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After completion of cryogenic exposure, Samples No. 1.0, No. 5.0 and No. 6.0 were

removed from the liquid nitrogen reservoir, inspected for coating defects and further
subjected to fire exposure under hydrocarbon fire conditions.

2.2. Simulation in SP QuickField

All structural calculations in SP QuickField were performed using the finite element method.
To determine the characteristic of the fire protection ability of coatings of load-bearing

steel structures, mathematical models of the heat conduction process were applied and the
method of solving inverse tasks of heat conduction determined according to the system of
Equations (3)—(6) was used [49,50].

the equation of heat conduction:

d, 9 (. 9,
o0 = o (M5 ) ®

initial condition:

6, (x,0) = 6o, 4)
boundary condition on the outer surface of the inverse heat conduction task at x = d, :

3 % (dp,t)

o =" [0; — 0, (dp, t)], where (5)

100 100

e Gt 0+ 273.15}4 | 8p(dpt) +273.15]"
S 0= 0p(dot)

boundary condition on the inner surface of the fireproof coating at x = 0 :

060,(0,1) 1% 060,(0,1)
Ap pax = CaPa X A—p X pat

, Where (6)

x"coordinate in the fire protection coating (x = 0 corresponds to the point of contact

between the coating and the metal where the sample is measured, temperature 6, =
6,(0,1));
1Y 7 ’

cppp specific heat capacity, ]/ (kg-K);
Al‘section ratio, mm};

Ap heat conductivity coefficient, W/ (m-K);

t"time, s;

dp thickness of fireproof coating, mm;

tmax the maximum heating time of the sample, s;

«."heat transfer coefficient on the outer surface of the fireproof coating, W/ (m?2-K);

Co = 0.57;

¢ = 0.8the degree of blackness of the surface of the fire protection coating [51];

fp initial temperature of the sample, °C;

i temperature in the firing furnace, °C.

Initial characteristics of steel: steel grade: C245 [52]; density 7800 kg/m?3; thermal

conductivity and heat capacity are variable depending on temperature (values taken from
the program reference book). The boundary conditions are presented in Table 2.
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Table 2. Boundary conditions defined in SP QuickField.
Name of the Value Value Information Source
Convection heat transfer Foefﬁcient azt 50 (53]
hydrocarbon temperature regime, W/(m~ - K)
Convection heat transfe'r coefﬁcient2 at standard 25 (53]
temperature regime, W/(m~ - K)
Emissivity of steel 0.6 [54]
Initial ambient temperature, °C 20 -
Time step for calculating the temperature 60 }

gradient of the structure, seconds

The simulation of the structure heating was performed in two phases:

(1) Analysis of the temperature increase on the steel sample under hydrocarbon and
standard fire regimes after the start of fire exposure; during this time, the investigated
intumescent coatings are still located on the samples;

(2) Analysis of temperature changes on the steel sample under hydrocarbon and standard
fire regimes during the last minutes of fire exposure; during this time, a protective
layer of 40 mm thick foam coke has already been formed around the samples (for
simplicity, the thickness is averaged, and 40 mm is taken as optimal in terms of height
and cell distribution).

Thermophysical properties of elements (thermal conductivity, heat capacity and den-
sity) at the first stage of the simulation are presented in Table 3. Geometric dimensions of
the samples in the simulation are the same as the dimensions of the considered samples in
the experimental study.

Table 3. Thermophysical properties of elements at the first stage of simulation.

A, W/(m-K) Cp, Ji(kg-K)
Structural Elements =, ' - 100 °C 300 °C 20°C 100 °C 300 °C prkeg/m?
Steel 19 25 25 469 670 670 7800
Air 0.0321 0.0915 0.0915 1009 1210 1210 1275
Sample No. 1.0 0.08 0.07 0.07 1300 1300 1300 1200
Samples No. 2.1-2.8 0.07 0.08 0.08 600 850 900 700
Samples No. 3.1-3.3 0.20 0.17 0.15 1050 1050 1050 1220
Sample No. 4.0 0.15 0.10 0.09 800 800 800 1000
Sample No. 5.0 0.15 0.10 0.09 1000 1030 1080 1200
Sample No. 6.0 18 18 18 1100 1100 1100 700

The second stage of the simulation was based on the solution of the inverse task: the
thermophysical properties of the formed foam coke at the last minutes of the tests were
determined using the obtained experimental temperature-time dependences of the samples.

3. Results and Discussion
3.1. Experimental Results on Steel Structures

As a result of the cryogenic exposure of Sample No. 1.0, the average temperature of
the sample did not drop more than 40 °C relative to its initial temperature. At the end of
the cryogenic test, the average temperature of the sample was —18 °C. After the cryogenic
test, the fireproofing coating had non-directional cracks with the width not more than
0.5 mm (Figure 8). In the process of the fire test, at the fourth minute, the formation of foam
coke started, protecting the structure from heating. When the required time (120 min) was
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reached, the test was terminated. The average temperature on the steel sample was 468 °C.
The reaching of the critical temperature of 500 °C by Sample No. 1.0 was not recorded. It
was found that Sample No. 1.0 provides fire-retardant effectiveness under the hydrocarbon
regime of at least 120 min after 10 min of cryogenic exposure of the sample in the regime of
full immersion in liquid nitrogen.

(@) (b)

Figure 8. Sample No. 1.0: (a) in the process of the experiment; (b) after the fire exposure.

The fire resistance limit of Sample No. 2.1 was reached at 124 min of fire exposure, due
to reaching a critical temperature of 500 °C (Figure 9). The fire resistance limit of Sample No.
2.2 was reached at the 93rd minute of fire exposure, due to reaching a critical temperature
of 500 °C. After completion of the thermal exposure, the formed foam coke on Samples
No. 2.1 and No. 2.2 retained its structure and integrity (foam coke formation began at
10 min of fire exposure for Sample No. 2.1 and at the 8th minute for Sample No. 2.1). It
was found that Samples No. 2.1 and No. 2.2 provide fire-retardant effectiveness under the
hydrocarbon regime of at least 120 and 90 min, respectively.

(a) (b)

Figure 9. Samples No. 2.1 and No. 2.2: (a) before the experiment; (b) after the fire exposure.
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The fire resistance limit of Sample No. 2.3 was reached at 63 min of fire exposure, due
to reaching a critical temperature of 500 °C. The fire resistance limit of Sample No. 2.4 was
reached at the 124th minute of fire exposure, due to reaching a critical temperature of 500 °C.
The fire resistance limit of Sample No. 2.7 was reached at the 94th minute of fire exposure,
due to reaching a critical temperature of 500 °C. After completion of the thermal exposure, the
formed foam coke on Samples No. 2.3, No. 2.4 and No. 2.7 retained its structure and integrity.
It was found that Samples No. 2.3, No. 2.4 and No. 2.7 provide fire-retardant effectiveness
under the hydrocarbon regime of at least 60, 120 and 90 min, respectively.

The fire resistance limit of Sample No. 2.5 was reached at 94 min of fire exposure, due
to reaching a critical temperature of 500 °C. The fire resistance limit of Sample No. 2.6 was
reached at the 123rd minute of fire exposure, due to reaching a critical temperature of 500 °C.
The fire resistance limit of Sample No. 2.8 was reached at the 93rd minute of fire exposure,
due to reaching a critical temperature of 500 °C. After completion of the thermal exposure,
the formed foam coke on Samples No. 2.5, No. 2.6 and No. 2.8 retained its structure and
integrity. It was found that Samples No. 2.5, No. 2.6 and No. 2.8 provide fire-retardant
effectiveness under the standard regime of at least 90, 120 and 90 min, respectively.

The fire resistance limit of Sample No. 3.1 was reached at the 94th minute of fire
exposure, due to reaching the critical temperature of 500 °C. At the 3rd minute of the
test, the coating began to swell; at the 7th minute, the sample burned independently. The
fire resistance limit of Sample No. 3.2 was reached in the 92nd minute of fire exposure,
due to reaching a critical temperature of 500 °C. At the 3rd minute of the test, the coating
began to swell; at the 10th minute, the sample burned independently. After completion of
the thermal exposure, the formed foam coke on Samples No. 3.1 and No. 3.2 retained its
structure and integrity. It was found that Samples No. 3.1 and No. 3.2 provide fire-retardant
effectiveness under the hydrocarbon regime of at least 90 min.

As a result of the tests for Sample No. 3.3 with a 50 x 50 mm glass fiber mesh, coating
bloating and independent combustion started in the 4th minute of the test (same as for
Samples No. 3.1 and No. 3.2), but coating fragments started to fall at the 21st minute and
the temperature reached the critical temperature of 500 °C at the 73rd minute (instead of the
expected 90 min). Uneven mixing of the paint was assumed to be the cause (Figure 10). It
was found that Sample No. 3.3 provides fire-retardant effectiveness under the hydrocarbon
regime of at least 60 min.

Figure 10. Sample No. 3.3 at the end of the test.

The fire resistance limit of Sample No. 4.0 was reached at the 125th minute of fire
exposure, due to reaching a critical temperature of 500 °C. After completion of the thermal
exposure, the formed foam coke on Sample No. 4.0 retained its structure and integrity. It
was found that Sample No. 4.0 provides fire-retardant effectiveness under the hydrocarbon
regime of at least 120 min.

As a result of the cryogenic exposure of Sample No. 5.0, the average temperature of
the sample did not drop more than 50 °C relative to its initial temperature. At the end of
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the cryogenic test, the average temperature of the sample was —26 °C. After the cryogenic
test, the fireproofing coating had non-directional cracks with the width not more than
0.5 mm. In the process of the fire test, at the 5th minute, the formation of foam coke started,
protecting the structure from heating. The fire resistance limit of Sample No. 5.0 was
reached at the 105th minute of fire exposure, due to reaching the critical temperature of
500 °C. It was found that Sample No. 5.0 provides fire-retardant effectiveness under the
hydrocarbon regime of at least 90 min after 10 min of the cryogenic exposure of the sample
in the regime of full immersion in liquid nitrogen.

As a result of the cryogenic exposure of Sample No. 6.0, the average temperature
of the sample did not drop more than 40 °C relative to its initial temperature. At the
end of the cryogenic test, the average temperature of the sample was —17 °C. After the
cryogenic test, the fireproofing coating had non-directional cracks with the width not more
than 0.5 mm. In the process of the fire test, at the 15th minute, the formation of foam
coke started, protecting the structure from heating. When the required time (90 min) was
reached, the test was terminated. The average temperature on the steel sample was 450 °C
(Figure 11). The reaching of the critical temperature of 500 °C by Sample No. 6.0 was not
recorded. It was found that Sample No. 6.0 provides fire-retardant effectiveness under the
hydrocarbon regime of at least 90 min after 10 min of the cryogenic exposure of the sample
in the regime of full immersion in liquid nitrogen.

(a) (b)

Figure 11. Sample No. 6.0: (a) in the process of the experiment; (b) after the fire exposure.

Figure 12 shows the time-temperature curves of the intumescent-coated steel columns
during the fire tests (for Samples No. 1.0, No. 5.0 and No. 6.0 initially exposed to cryogenic
exposure, the start and end times of cryogenic exposure and the start of fire exposure
are shown). Figure 12 shows the averaged readings of the thermocouples located at the
mid-height of the samples.

As can be seen in Figure 12, the graphs are divided into two groups: coatings that
were initially cryogenically exposed and then subjected to the hydrocarbon fire regime
(Samples No. 1.0, No. 5.0 and No. 6.0), and coatings that were not cryogenically exposed
(Samples No. 2.1-No. 2.8, No. 3.1-No. 3.3 and No. 4.0). In the first case, the average dry
layer thickness of the coatings on the samples (14 mm) exceeded the average dry layer
thickness of the coatings in the second case (10 mm) (Table 4). Sample No. 4.0, which had
the maximum coating thickness of the samples exposed only to fire, shows the smoothest
temperature increase throughout the experimental study and demonstrates fire-retardant
effectiveness for 120 min. Sample No. 1.0, exposed to cryogenic exposure before the fire
test, shows the smoothest increase in temperature after cryogenic exposure of the sample
and demonstrates fire-retardant effectiveness for 120 min. Samples No. 2.1 and No. 2.2,
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which have the smallest coating thicknesses under the hydrocarbon regime of fire, show
a rapid temperature increase from the first minutes of the test, slowing down after the
formation of the protective foam coke layer.

(=3
[=1
[=]

Lh
v
[=]

430 1

Temperature, °C
i
(=]
[=]

.
=]
=}

300 A
250
200 +

150

100 1

30 A

-100

160 1ﬁo 1110 180
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e Sample No.1.0 (s = 11.5 mm) = Sample No.2.1 (s =92 mm) = Sample No.2.2 (s = 8.4 mm)
Sample No.3.1 (s=11.2 mm) = Sample No 3.2 (s =11.2 mm) = Sample No.3.3 (s = 11.2 mm)
———Sample No 4.0 (s =13.7 mm) ——— Sample No.5.0 (s = 10.6 mm) ——— Sample No 6.0 (s =20.0 mm)

——— Temperature limit value ——— Hydrocarbon time-temperature curve

Figure 12. Temperature curves of samples during fire tests and cryogenic exposure (for Samples
No. 1.0, No. 5.0 and No. 6.0).

Table 4. Results of tests of intumescent fire-retardant coatings.

Sample Profile Section Ratio, mm—1 Average Thickness, Cryogenic Exposure Fire .Protection_
[46] mm Effectiveness, min
Sample No. 1.0 0100 x 8 mm [47] 134 11.50 + 120
Sample No. 2.1 150B2 [48] 172 9.20 — 120
Sample No. 2.2 150B2 172 8.40 - 90
Sample No. 2.3 114B1 172 10.30 — 60
Sample No. 2.4 114B1 172 14.44 — 120
Sample No. 2.5 114B1 172 6.30 — 90
Sample No. 2.6 114B1 172 8.75 — 12-
Sample No. 2.7 150B2 172 413 - 90
Sample No. 2.8 150B2 172 4.00 - 90
Sample No. 3.1 150B2 172 11.20 — 90
Sample No. 3.2 150B2 172 11.20 — 90
Sample No. 3.3 150B2 172 11.20 - 60
Sample No. 4.0 130K1 159 13.70 — 120
Sample No. 5.0 130K1 159 10.60 + 90

Sample No. 6.0 @100 x 8 136 20.00 + 90
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Temperature, °C

600 -

As can be seen from Figure 12 and Table 4, the average value of thickness for intu-
mescent coatings to ensure a fire protection effectiveness of 120 min is about 12 mm. The
variation in the obtained results does not exceed 20%, which, of course, can be explained
by the similarity of the formulations. The difference consists in the quality of meshes,
production technology and the quality of paint layer application.

The thickness of the foam coke in relation to the average thickness of the initial coating
was not recorded in any of the test reports. Apparently, this is caused by the fact that
the structure is left to cool in the furnace and disassembled the next day and then simply
disposed of. However, the photographs show that in the final minutes of the tests, the
value of the foam coke as a thermal insulating layer relative to the geometric characteristics
of the structures can be taken as 40 mm on average.

Figure 13 shows the time-temperature curves of steel Samples No. 2.3-No. 2.8 under
standard and hydrocarbon fire regimes.

According to the observations of the experimental studies of Samples No. 2.3,
No. 2.4 and No. 2.7, the foam coke formation was completed in the interval of 6-10 min.
For Sample No. 2.5, the time of foam coke formation under the standard fire regime is in
the range of 36—42 min, for Sample No. 2.6, in the range of 55-60 min and for Sample No.
2.8, in the range of 37—45 min. As can be seen from Figure 13, an optimal coating thickness
of about 8-9 mm is required to provide a fire protection effectiveness of at least 120 min
under the standard regime, while an optimum coating thickness of about 14-15 mm is
required when exposed to the hydrocarbon regime of fire. Also, fire-retardant coatings on
samples tested under the hydrocarbon regime (Samples No. 2.3, No. 2.4 and No. 2.7) were
applied in two layers with the use of reinforcing carbon fiber mesh with a mesh size of
20 x 20 mm. Fire-retardant coatings on the samples tested under the standard fire regime
(No. 2.5, No. 2.6 and No. 2.8) were applied in one layer without reinforcing mesh.

20 40 60 80 100 120 140

Time, min
—— Sample No2.3 (s= 10.3 mm, HC regime) Sample No2.5 (s= 6.3 mm, SD regime) —— Sample No.2.4 (s = 14 44 mm, HC regime)
——— Sample No 2.6 (s= 8.75 mm, SD regime) —— Sample No2.7 (s=4.13 mm, HC regime) —— Sample No.2.8 (s=4.9 mm_SD regime)

——— Standard time-temperature curve

Hydrocarbon time-temperature curve Temperature limit value

Figure 13. Temperature curves of Samples No. 2.3-No. 2.8 during fire tests under standard and
hydrocarbon regimes.

3.2. Results of Simulation in SP QuickField

As a result of the simulation, visualizations of the heating of the samples of steel
columns with intumescent coatings and a temperature dependence on time at the points of
thermocouple location on the surface of the experimental samples under the hydrocarbon
regime of fire were obtained (Figures 14 and 15). The graph shows the averaged readings
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of thermocouples located in the middle of the height of the samples (25 min is the start of
the fire testing for samples initially exposed to cryogenic exposure).

As can be seen in Figure 15, the graph for Sample No. 2.2, which has a coating
thickness of 8.4 mm, grows at a higher rate until the temperature reaches 220 °C during
the first 10 min of the experiment, characterized by the end of the formation of the foam
coke layer. Furthermore, the heating of Sample No. 2.2 is characterized by uniform growth
up to the critical temperature of 500 °C. Compared to the graphs for Samples No. 1.0 and
No. 3.1, which have comparable coating thicknesses (11.5 mm and 11.2 mm, respectively)
but a higher density (300 kg/m3 and 310 kg/m? compared to 220 kg/m?) and thermal
conductivity of the formed foam coke (Tables 4-6), the graph for Sample No. 2.2 grows at
a slower rate. The graph for Sample No. 1.0 shows a smoother temperature change over
time from the cryogenic and fire effects until the end of the test at the 150th minute.

Table 5. Thermal properties of foam coke on Sample No. 1.0.

T, °C 100 200 300 400 500 600 700 800 900 1000 1100

A 0.07 0.071 0.072 0.073 0.074 0.08 0.09 0.10 0.11 0.13 0.15
W/K-m

< 800 825 880 900 925 955 980 990 1000 1010
J/kg-m

850

T(C)
1100.0
10387

Er

161

B54.8

7935

7322

E70.9

609.6

5483

487.0

5528

4320

(d) (e) (®)

Figure 14. Visualizations of sample heating: (a) Sample No. 1.0; (b) Sample No. 2.1; (c) Samples
No. 3.1 and No. 3.2; (d) Sample No. 4.0; (e) Sample No. 5.0; (f) Sample No. 6.0.
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Hydrocarbon time-temperature curve Temperature limit value
Figure 15. Experimental and calculated temperature curves of samples during fire exposure under
hydrocarbon fire regime.
Table 6. Thermal properties of foam coke on Sample No. 2.2.
T, °C 100 200 300 400 500 600 700 800 900 1000 1100
A 0.12 0.09 0.07 0.055 0.05 0.048 0.046 0.046 0.048 0.05 0.055
W/K-m
< 700 745 780 830 850 875 915 950 990 1000 1020
J/kg-m
According to the results of solving the inverse task in SP QuickField 6.6, the thermo-
physical properties of the formed foam coke were determined (Tables 5-10). Figures 8-11
show visualizations of the samples heating up at the end of the fire tests, from which a
graph of the temperature-time dependence for the sample coatings on the experimental
and calculated values is plotted (Figures 12-15), from which it is possible to make a direct
comparison of Samples No. 1.0, No. 2.2 and No. 3.1, which have approximately the same
thicknesses (11.5/8.4/11.2 mm) and section ratios (134/172/172 mm™1).
Table 7. Thermal properties of foam coke on Sample No. 3.1.
T, °C 100 200 300 400 500 600 700 800 900 1000 1100
A,
W/K-m 0.15 0.15 0.1 0.05 0.05 0.05 0.08 0.14 0.2 0.25 0.3
< 600 600 600 400 200 200 200 200 300 600 900
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Table 8. Thermal properties of foam coke on Sample No. 4.0.

T, °C 100 200 300 400 500 600 700 800 900 1000 1100
A 0.04 0.05 0.05 0.05 0.06 0.08 0.11 0.14 0.16 0.17 0.19
W/K-m
< 820 840 860 890 900 930 980 1040 1120 1200 1300
J/kg-m
Table 9. Thermal properties of foam coke on Sample No. 5.0.
T, °C 100 200 300 400 500 600 700 800 900 1000 1100
AI
W/K-m 0.1 0.09 0.089 0.09 0.1 0.11 0.12 0.13 0.15 0.17 0.2
C 1030 1050 1080 1090 1100 1120 1140 1150 1170 1180 1200
J/kg-m
Table 10. Thermal properties of foam coke on Sample No. 6.0.
T, °C 100 200 300 400 500 600 700 800 900 1000 1100
A 0.14 0.12 0.11 0.09 0.08 0.08 0.09 0.12 0.16 0.20 0.25
W/K-m
< 800 815 830 840 850 860 870 880 890 900 910
J/kg-m

3.3. Discussion

Based on the thermophysical properties of the samples in the first simulation phase
(at the beginning of the test), it can be noted that Sample No. 1.0, which initially has a
higher heat capacity and lower thermal conductivity compared to Sample No. 2.2 and
to Samples No. 3.1 and No. 3.2, beginning at the 15th minute, forms a foam coke layer
protecting the structure with higher values of density and heat capacity and with a lower
value of thermal conductivity relative to the sample of Samples No. 2.2, No. 3.1 and No.
3.2, indicating the better fire protection effectiveness of Sample No. 1.0 (120 min) compared
to the fire resistance of Sample No. 2.2 and Samples No. 3.1 and No. 3.2 (90 min) under
the hydrocarbon regime of fire. In turn, Sample No. 3, which has a similar section ratio
(172 mm~1!) with Sample No. 2, is characterized by a smooth and uniform temperature
increase throughout the fire exposure, while Sample No. 2 has a rapid temperature increase
at the initial time point, highlighting the fire protection effectiveness of Sample No. 3.
All curves obtained from the experimental study and shown in Figure 13 have a similar
character, which indicates the uniformity of the coatings in terms of the formulations, clearly
separated areas of curves when exposed to the hydrocarbon regime (rapid temperature
increase) and standard regime.

By interpolating and extrapolating the results of the experimental data of Samples
No. 2.3-No. 2.8 (Figure 15), nomograms of the dependence of time to reach the critical
temperature of the steel samples on the section ratio at different thicknesses of the dry
layer were obtained. Nomograms are given for the samples tested under two fire regimes:
hydrocarbon and standard (Figures 16 and 17).
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Figure 16. Dependence of time to reach critical temperature on section ratio in hydrocarbon fire
regime of fire at different dry layer thicknesses.
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Figure 17. Dependence of time to reach critical temperature on section ratio in standard fire regime
of fire at different dry layer thicknesses.

4. Conclusions

Intumescent flame-retardant coatings have a rather low reproducibility in experiments
than structural fire protection, but their application on objects of industrial importance will
increase, primarily because of the high technological efficiency of the application.

As this study showed, it is necessary to have data on the flame-retardant effectiveness
of coatings both with and without cryogenic exposure, since the values are obviously
lower with cryogenic exposure, the behavior of the intumescent coating is different and
the choice of the flame retardant will not be fully comparable with coatings from different
manufacturers. Nomograms for fire-retardant coatings (graphs of «temperature—time»
dependence for each given thickness of the structure) should also be developed both
taking into account cryogenic spillage and the hydrocarbon fire regime and taking into
account no spillage and only fire exposure to coatings with similar properties declared by
manufacturers.

While the initial components of intumescent materials are quite the same, epoxy resin
and polyamide hardener, it is the functional additives—flame retardants and combustion
retardants—that give the compositions important and distinctive properties. If the formu-
lation of the composition is sufficiently calibrated, it can be seen via experimentation that
there are formulations that do have a serious fire-retardant effectiveness, achieving 120 min
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with sufficiently long and smooth heating times. The average coating thickness should be
12 mm on average.

Simulation of blowing compositions is a certain difficulty (unlike structural boards
and even plaster compositions), due to the inhomogeneity of the process of foam coke
formation on a steel structure. Averaged values of the thermophysical characteristics of
intumescent coating foams when their stabilization is complete have been obtained. The
adopted assumptions of foam coke formation after release and stabilization as a cellular
structure with low thermal conductivity and low density correlate well enough with the
experimental data, which can be averaged for engineering calculations on the fire protection
of structures.
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